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ABSTRACT

The C. neoformans Cell Wall: A Scaffold for Virulence
by
Christine Chrissian

Advisor: Ruth E. Stark
Cryptococcus neoformans is a globally distributed opportunistic fungal pathogen and the causative
agent of life threatening cryptococcal meningoencephalitis in immunocompromised individuals,
resulting in ~180,000 deaths each year worldwide. A primary virulence-associated trait of this
organism is the production of melanin. Melanins are a class of diverse pigments produced via the
oxidation and polymerization of aromatic ring compounds that have a characteristically complex,
heterogenous, and amorphous structure. They are synthesized by representatives of all biological
kingdoms and share a multitude of remarkable properties such as the ability to absorb ultraviolet
(UV) light and protect against ionizing radiation. Melanin production in fungi contributes to
pathogenicity by conferring resistance to environmental assault and interfering with the host
immune response. In C. neoformans, melanin pigments are extruded into the cell wall and form
strong associations with various key constituents that are essential for its accumulation and in turn,
its ability to function as a virulence factor. The most well-established components of this
melanization “scaffold” are the polysaccharides chitin and chitosan; despite a body of evidence
suggesting that perturbing the biosynthesis of these polysaccharides disrupts melanization and
significantly diminishes virulence, elucidating the underlying molecular interactions between
chitin/chitosan and the melanin pigment has proven challenging due to the complex and
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incompletely-defined structures of the resulting macromolecular fungal assemblies. In this work
we use solid-state NMR (ssNMR), a technique uniquely suited to study complex and
heterogeneous composite materials, to obtain a molecular level characterization of the cellular
“scaffold” on which C. neoformans pigments are deposited. We demonstrate that augmenting the
relative or total amount of chitin and chitin modulates cell wall architecture and influences both
pigment deposition and retention. We additionally illustrate that perturbing chitin/chitosan
biosynthesis unfavorably affects cell-wall flexibility and prevents the accumulation of melanin.
Moreover, we identify lipids as an additional group of cellular constituents that strongly bind to
the melanin pigment and thus could play a role in the melanization process. In sum, our findings
support a model in which it is not the formation of melanin pigments that serves as a virulence
factor in C. neoformans, but rather the deposition and retention of the pigments within the cell
wall, and thus it is the melanized cell wall that is important rather than the melanin itself.
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PREFACE

The body of research that pertains to the study of Cryptococcus neoformans is immense,
both in size and in scope. Although C. neoformans only emerged as a fungal pathogen in the
1950’s, it existed exclusively as a saprophytic organism for a number of centuries prior to that
time. This fact is largely responsible for the interest in studying C. neoformans: many of its
characteristic traits that promote virulence are common to other, non-pathogenic fungal organisms.
Consequently, researchers were prompted to ask a challenging question: what makes C.
neoformans a human pathogen? Broaching this subject has required contributions from several
fields of research that include but are not limited to serology (development of diagnostics),
immunopathology (study of disease outcome), and structural biology (structural determination of
virulence-associated traits). The work outlined in this thesis focuses on the last of these
approaches, and on one virulence factor in particular: the melanin pigments within the cell wall.
Considering that the study of melanin — the ubiquitous class of pigments responsible for the black,
brown, and red coloring seen in all animal kingdoms — is in itself immense, this document covers
only a small fraction of the available research on these topics.
Throughout the six years of my Ph.D. career, I have made substantial contributions to six
publications, two of which I wrote myself. Five of these six publications are shown in full in
Chapters 4-8. The Literature Review presented in Chapter 1 is intended to provide some more
nuanced background information about C. neoformans and also melanin pigments, laying out the
context and motivation for the findings in these publications. Similarly, Chapter 2 provides a brief
introduction to solid-state nuclear magnetic resonance spectroscopy (ssNMR) — the primary
technique used for our investigations — in addition to details about the experiments that were most
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frequently implemented, and Chapter 3 describes the preparation of the samples used for these
spectroscopic analyses. The hope is that together, the descriptions of Chapters 1-3 allow the reader
to more deeply comprehend and also appreciate the work presented in the following chapters.
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CHAPTER 1
PROJECT BACKGROUND AND MOTIVATION

1.1 Introduction to C. neoformans
1.1.1 C. neoformans as a basidiomycetous yeast
Cryptococcus neoformans is a basidiomycetous fungal species and an opportunistic human
pathogen that is the primary etiological agent of Cryptococcosis, a disease that is frequently lethal
and results in approximately 180,000 deaths each year worldwide (1). It is one of two species of
the many that comprise the genus cryptococcus, which is known to cause disease in mammals. As
is common of basidiomycetes, Cryptococcus species are saprophytic organisms that are found in
association with various niches throughout the environment. C. neoformans is particularly
ubiquitous; avoiding contact with it is essentially impossible due to its global distribution and
ability to thrive in habitats such as soil and avian excrement, which are commonly encountered in
both urban and suburban localities (2). However, as an opportunistic pathogen, clinical
manifestation of disease is seen nearly exclusively in immunocompromised individuals and
exposure to it is inconsequential to the immunocompetent population.
Unlike the majority of other groups belonging to the phylum Basidiomycota, Cryptococcus
spp. are not filamentous fungi. Instead, both clinical isolates and environmentally sourced
cryptococcal cells exist predominantly as spherical yeasts that are encapsulated by a robust layer
of structurally diverse polysaccharides (3). The presence of the polysaccharide capsule makes C.
neoformans cells visually striking because of their immense size: the cells from most strains with
average-sized capsules have total diameters of ~4-10 mm, but the diameter of cells from certain
highly encapsulated strains can reach up to ~80 mm during in vivo infection (4, 5). The C.
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neoformans capsule has been studied extensively due to the antigenicity of its primary component,
glucuronxylomannan (GXM). In addition to being capable of eliciting an immune response that
potentiates virulence, the antigenic properties of GXM also allow for serological differentiation of
C. neoformans subspecies based on variations in its structure (6).
C. neoformans was initially classified into four distinct serotypes, each characterized by a
specific GXM structure: C. neoformans var. grubii (serotype A), C. neoformans var. gattii
(serotypes B and C), and C. neoformans var. neoformans (serotype D) (7, 8). However, about two
decades ago, C. neoformans var. gattii (serotypes B and C) was elevated to the species level based
on the results from advanced DNA typing techniques that demonstrated lack of genetic similarity
and recombination between the B and C serotypes and the C. neoformans var. grubii and C.
neoformans var. neoformans serotypes (A and D, respectively) (8). Indeed, Cryptococcus gattii
differs from C. neoformans in several other ways, for example, in its preferred natural habitat (it
is typically found associated with trees, especially eucalyptus) and predilection for infecting
immunocompetent hosts (9, 10).
In more recent years it has been proposed that C. neoformans var. grubii and C. neoformans
var. neoformans should also be distinguished as two different species: these A and D serotypes
diverged ~18 million years ago, and comparison of their genomes has shown that DNA exchange
is no longer possible between the isolates (11, 12). Moreover, 90-95% of all cryptococcal
infections with clinical manifestation of disease have been attributed specifically to the serotype
A isolate (13), which further supports the importance of distinguishing between these different
serovars. As a result, the majority of C. neoformans research is conducted exclusively on C.
neoformans var. grubii, and therefore, all of the data presented in the following chapters was
acquired using cells from the well-characterized serotype A clinical isolate, H99.
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1.1.2 C. neoformans as an opportunistic fungal pathogen
Initial exposure to C. neoformans is thought to occur during early childhood through the
inhalation of small airborne basidiospores or desiccated yeast cells that arise from contaminated
turf or pigeon excreta. Immunological studies have found that most children over the age of two
years produce antibodies against C. neoformans with no prior history of clinical symptoms, which
results from its ability to colonize the respiratory system without causing visible disease (14). In
immunocompetent hosts, the infection is either eliminated or becomes latent. However, the
outcome of infection differs starkly in immunocompromised individuals: disease progression
usually first involves cryptococcal pneumonia followed by rapid dissemination to the central
nervous system (15). Ultimately the result is meningitis, which is both the most commonly
presented and most life-threatening form of cryptococcosis. Cryptococcal meningitis has a poor
prognosis and is responsible for approximately 15% of all HIV/AIDS-related deaths annually (1).
If left untreated, fatality is a near certainty. Moreover, the efficacy of antifungal therapies against
C. neoformans is limited; even after intervention the mortality rate is approximately 50%,
rendering the chance of survival comparable to that of a coin toss (16).
A primary virulence-associated trait in C. neoformans is the production of melanin
pigments, which are deposited within the cell wall and form a defensive barrier to external
stressors. Melanins are a group of biologically ubiquitous and structurally heterogeneous pigments
produced via the oxidation and polymerization of particular aromatic ring compounds (17, 18).
They share a multitude of remarkable properties that include: the ability to absorb ultraviolet (UV)
light, transduce electricity, and protect against ionizing radiation. In fungi, melanin pigments
contribute to virulence by reducing cellular susceptibility to oxidative damage, inhibiting
phagocytosis, and interfering with the host immune response to infection (19). C. neoformans is
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unique among melanotic fungi because of its dependence on exogenous substrates for melanin
production; this organism is unable to synthesize melanin precursors endogenously and therefore
must scavenge catecholamines and/or other phenolic compounds from the environment (20). C.
neoformans cells isolated from individuals with active cryptococcal infections display robust
pigment production (4, 21, 22), an unsurprising outcome considering that melanization is
correlated with dissemination of infections and resistance to antifungal therapeutics (17, 21). For
these reasons, the study of C. neoformans melanogenesis can contribute directly to our
understanding of the pathogenicity of this organism.

1.2 C. neoformans melanin pigments
1.2.1 Introduction to melanins
Melanins are a broad class of naturally synthesized and structurally diverse pigments that
are polymers of phenolic and/or indolic compounds. Unfortunately, the term “melanin” is poorly
defined in most literature and its intended meaning is often biased towards one’s expertise or past
experiences. Typically, “melanin” is used to refer to “eumelanin,” the black or dark brown pigment
derived from L-tyrosine or L-3,4-dihydroxyphenylalanine (L-DOPA) responsible for the color of
human skin and hair. Although eumelanin is the most common type of melanin – it is produced by
members of nearly all animal kingdoms and is also the type of melanin synthesized by C.
neoformans – it is not the only type.
The fact that C. neoformans synthesizes eumelanin makes this organism an outlier, since
the majority of melanotic microorganisms synthesize dihydroxynapthaline (DHN) melanin
through a distinct biosynthetic route (20). In the DHN melanin biosynthetic pathway,
endogenously produced acetyl CoA and/or malonyl CoA serve as substrates for the formation of
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1,3,6,8-tetrahydroxynaphthalene (1,3,6,8-THN), which is catalyzed by a polyketide synthase
enzyme. This molecule then undergoes several enzyme-mediated oxidation and reduction
reactions to ultimately form 1,8-DHN, which is subsequently polymerized to become DHN
melanin, the sole end product (23). In contrast, eumelanin is just one type of melanin that is
biosynthesized via a route referred to as the DOPA melanin pathway, which is more complex than
the DHN melanin pathway (24, 25).
The DOPA pathway gets its name from the fact that the amino acid L-tyrosine, initially
believed to be the predominant starting substrate for melanin formation via this biosynthetic route,
must be converted to L-DOPA prior to undergoing any further reactions (26). This requirement
comes about because the first step is carried out by a polyphenol oxidase; since L-tyrosine is a
monophenolic compound, it must be hydroxylated prior to being oxidized by this enzyme. In the
majority of species this first step is mediated by Tyrosinase, which is capable of consecutively
hydroxylating L-tyrosine at the C3 position to form L-DOPA and then oxidizing it form DOPA
quinone (27). It was subsequently discovered that many phenol oxidases, including Tyrosinase,
have poor substrate specificity and can oxidize a wide variety of polyphenolic compounds, such
as catecholamines, dopamine, and even L-DOPA itself. Nevertheless, the name “DOPA pathway”
is still used to refer to the biosynthetic route in which eumelanin production is initiated by a
polyphenol oxidase.
Regardless of the starting compound, the formation of a reactive quinone intermediate is
considered to be the rate limiting step in the DOPA melanin biosynthetic pathway (28), and from
here this molecule can follow one of two routes that dictate whether eumelanin or pheomelanin is
produced (29). The cyclization of DOPA quinone leads to the formation of 5,6-dihydroxyindole2-carboxylic acid (DHICA), and its decarboxylated derivative 5,6-dihydroxyindole (DHI), which

5

are subsequently polymerized to produce eumelanin, a characteristically black or dark brown
pigment (30). Alternatively, DOPA quinone can form an adduct with the amino acid L-cysteine
and then cyclize, yielding benzothiazine intermediates that are polymerized to produce
pheomelanin, which has a red hue (29). Together, these two pigments are responsible for the
various shades of reddish-brown seen in the skin, hair, and eyes of all mammals.
Although both of these melanins can be synthesized from the same precursors and also
both contain conjugated ring systems, the end products are quite distinct from one another: the
incorporation of L-cysteine into pheomelanin results in this pigment being compositionally richer
in both nitrogen and sulfur than eumelanin, which only contains the nitrogen from the initial
melanization precursor and is altogether devoid of sulfur (29). Moreover, the black color of
eumelanin is a result of its ability to absorb all wavelengths of light and therefore possess photoprotective properties, a quality that is lacking in pheomelanins (31). Thus, it is eumelanin in
particular that enables humans to tolerate sunlight; all individuals produce both eumelanin and
pheomelanin, albeit to varying degrees. It should be noted that all humans, in addition to many
other mammals, also produce a sort of hybrid of these two pigments in the form of neuromelanin,
which is only found within the brain and primarily coats neurons in the Substantia nigra. Although
neuromelanin is often treated as separate type of melanin, structurally it is a combination of the
products yielded from both eumelanin and pheomelanin biosynthesis (32), and therefore is also
considered to be a “DOPA melanin.”

1.2.2 Identification and characterization of melanin pigments
The term “melanin” is often poorly defined in the literature, because there is no true
consensus on what a melanin actually is. Although several different sets of criteria have been
proposed (33, 34), many would argue that none of them are complete. The primary difficulty in
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defining what is, and is not, a melanin arises from the fact that melanins are inherently both
compositionally and structurally diverse on multiple levels, and do not display any long-range
organization (28, 33). This point is exemplified by comparing eumelanin and pheomelanin:
considering that L-cysteine is incorporated into pheomelanin but not into eumelanin, it is clear that
these two pigments differ in their elemental composition, and consequently, their structure.
Additional diversity also exists within each pigment type: the cyclized DHI/CA and benzothiazine
intermediates that respectively comprise polymers of eumelanin and pheomelanin can be linked to
one another in several different ways. And, considering that polymerization is thought to occur
spontaneously upon the formation of these compounds, which contain many reactive sites where
linkages are likely to be formed, there is a substantial amount of structural variation and no longrange organization within each type of pigment that is virtually impossible to predict.
Moreover, melanins are also inherently insoluble, due in part to their phenolic/indolic
nature, but also because melanin polymers are known to form tertiary structures by aggregating
together, or via π–π ring stacking. Thus, forcing these pigments into solution is essentially
guaranteed to disrupt their secondary and/or tertiary molecular structure to some extent.
Nevertheless, in Catch-22 fashion, the aforementioned characteristics that make melanins
challenging to define are in themselves the defining features that just about everyone agrees on:
combined with what is known about melanin biosynthesis, it can be said that melanins are complex
insoluble polymers derived from the oxidation and subsequent polymerization of phenolic
compounds, polymers that are both heterogenous (compositionally and structurally diverse) and
amorphous (containing no long-range organization) (28, 33).
Although the above provides a global description of melanins that broadly defines their
molecular architecture, it fails to address the biophysical properties that arise as a result. It is here
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where the waters become murky: the melanins synthesized by the DHN and DOPA pathways
described in the previous section are not the only pigments that have been proposed to be melanins.
For example, plants have been reported to produce melanin from catechols and certain
basidiomycetes (typically mushrooms) from gamma-glutaminyl-4-hydroxybenzene (GHB), each
through distinct pathways (34, 35). Although these pigments have not been tested for many of the
biophysical features proposed to be common to melanins, such as the presence of a stable free
radical, they do fit the structural description of a melanin (34). Moreover, they confer protection
from external stressors such as UV radiation, which is another quality that has been proposed to
be characteristic of melanins. Indeed, most pigments that are considered melanins do protect
against UV radiation, the best example of which is eumelanin. Considering that eumelanin is the
most ubiquitous type of melanin with debatably the most attractive biophysical properties, many
of the proposed criteria for melanins have been based on the features of this pigment. However, if
for example, only pigments that protect against UV radiation were considered to be melanins, this
group would exclude pheomelanin, which is photo-unstable and has been speculated to promote
UV-induced damage. In sum, there is no consensus on what exactly constitutes as a melanin, and
care should be taken to specify several different criteria when characterizing these pigments.
That said, there is a relatively well-established set of criteria that defines eumelanin in
particular, and the pigments that C. neoformans produces from various diphenolic compounds via
the DOPA pathway meet all the requirements (36). It should first be noted that C. neoformans can
produce a variety of pigments, many of which are not considered to be melanins at all (37). This
is due to the broad substrate specificity typical of many polyphenol oxidase enzymes in
conjunction with the largely spontaneous nature of melanin synthesis: these enzymes can oxidize
many different types of polyphenolic compounds into reactive quinones that spontaneously
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oligomerize and ultimately form pigmented polymers (discussed further in the following section).
Thus, when speaking of C. neoformans melanin, it is assumed that the pigment being referred to
was generated from a starting compound that is specifically known to yield eumelanin.
The best examples of starting compounds that C. neoformans can utilize to form eumelanin
are L-DOPA, dopamine, and norepinephrine. The pigments that result from these precursors have
been determined to display the following biophysical characteristics (38–40) that are common to
all eumelanins: 1) black or dark brown color, owing to their ability to absorb both UV and visible
light as evidenced by a broadband absorbance spectrum (31, 41); 2) presence of a population of
stable free radicals characterized by an EPR spectrum with a single broad and slightly asymmetric
line without resolved hyperfine structure when recorded at X-band frequency (31, 42); and 3)
negative surface charge as indicated by zeta potential measurements (43). In addition to these
properties, the pigments produced by C. neoformans from the aforementioned precursors also meet
the structural criteria for eumelanin identification: they yield both 13C and 15N ssNMR spectra with
broad signals characteristic of amorphous, heterogenous materials with chemical shifts
corresponding to the indolic DHI/CA units and their pyrrole oxidative breakdown products that
are known to comprise eumelanin polymers (30).
Although there is typically ‘more than one way to skin a cat,’ when it comes to
characterizing the structural features of melanins, ssNMR is the only technique that can provide
information about molecular arrangement and atomic connectivities and/or proximities without
compromising the pigment’s unique biophysical properties. Indeed, it is well established that
ssNMR is an ideal technique for the structural characterization of complex insoluble materials that
are amorphous and/or heterogenous. However, this is especially true for melanins because the their
biophysical properties arise from their diverse structural composition and lack of molecular
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organization, sometimes referred to as “levels of chemical disorder” (33, 44). In other words, any
attempt to simplify or otherwise alter melanin pigments to make them more amenable to other
biophysical techniques will likely also result in altering the properties that are of interest to
researchers. Moreover, although stable free radicals have the potential to significantly increase the
ssNMR signal linewidths of nuclei proximal to the paramagnetic center (due to spin relaxation
effects) (45, 46), the broad features characteristic of melanin spectra have been attributed primarily
to the structural heterogeneity the polymer and thus, many of the overlapping resonances can
successfully be resolved using multi-dimensional experiments in conjunction with 13C-enrichment
(47, 48). In sum, ssNMR is the gold standard when it comes to characterizing or monitoring the
atomic-level details of melanins (49).

1.2.3 C. neoformans melanin biosynthesis
As mentioned in the above section, C. neoformans is one of the outlying melanotic fungi
that synthesizes melanin pigments via the DOPA pathway rather than the DHN pathway, the latter
of which is the route most common among microorganisms. Indeed, C. neoformans produces
“authentic” eumelanin that has the same structural characteristics and biophysical signatures as the
eumelanin produced by other organisms. However, the details of its synthesis slightly differ from
the tyrosinase-initiated process described above: the polyphenol oxidase that catalyzes the initial
reaction in C. neoformans DOPA melanin synthesis is a laccase (50). Although much overlap
exists between the substrate specificity of tyrosinase and laccase, the latter enzyme has little
affinity for monophenolic compounds and is unable to hydroxylate them into diphenolic
compounds (51, 52). As a result, C. neoformans is unable to use L-tyrosine as a starting substrate
for melanin production, nor does it synthesize any polyphenolic compounds that could be suitable
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precursors for laccase-mediated melanin formation (53). Consequently, this organism must obtain
melanization substrates from its environment.
The fact that C. neoformans depends on exogenous substrates for laccase-mediated
melanin formation is unsurprising considering that it evolved for millennia as a saprophytic
organism prior to emerging as a human pathogen a mere century ago (54). It has been hypothesized
that the vast majority of this organism’s virulence-associated traits developed as a result of
environmental selective pressure rather than from pressure imparted within an animal host, and
therefore have so-called “dual use” capacities (6). Laccase-mediated melanization of exogenous
substrates is a primary example of this. Laccase enzymes are common among saprophytic fungi
(55); these organisms are typically found in ecological niches where they encounter decaying
vegetation, the cell walls of which are rich in the aromatic polymer lignin, a well-established
substrate of laccases (56). C. neoformans is no exception: its preferred environmental niche is the
soil, where it is often found associated with plant matter. Laccases are therefore essential to
saprophytes because they aid in lignin degradation, which helps break down plant cell walls and
makes available nutrient sources that would otherwise be inaccessible (57)jan.
However, C. neoformans lacks the enzymatic machinery required for aromatic ring
cleavage, which precludes the utilization of lignins or similar compounds as primary sources of
nutritional fuel (53, 58). Thus, it is possible that the broad substrate specificity of laccase enzymes
enabled C. neoformans to leverage the environmental availability of aromatic ring-containing
molecules to synthesize protective pigments such as melanin. Ultimately the result is an organism
with a survival advantage in any niche that is rich in laccase substrates — including the human
brain, which is particularly rich in the types of diphenolic compounds such as L-DOPA that are
used specifically for eumelanin formation (22).
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Regardless of how and why it developed, the absolute dependence of C. neoformans on
exogenous substrates for pigment formation makes it an excellent candidate for the study of fungal
melanization: akin to the flip of a switch, melanin biosynthesis can be turned “on” by providing
the appropriate precursors, or “off” by withholding them. The pigments that are produced can
further be fine-tuned by using different compounds as melanization substrates, which can reveal
insights into how the molecular structure and biophysical properties of the resulting melanin
pigments vary based on the choice of precursor (38, 47)
Moreover, these qualities make C. neoformans an ideal system to examine the molecular
structure of a fungal pigment within a biologically relevant cellular milieu by means of ssNMR.
Since the metabolic pool relied on for melanin synthesis is separate from the pool used for all other
biosynthetic processes, a unique opportunity is presented for the introduction of NMR-active
isotopic labels: growth of cultures containing natural-abundance nutrient sources and an
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C-

and/or 15N-enriched obligatory melanization precursor will lead to the selective incorporation of
NMR-active isotopes exclusively into the melanin pigment. This makes it possible to
spectroscopically characterize fungal melanin structure in a biologically relevant fashion since the
pigments are not required to be fully separated from the cellular constituents that they are
associated with, a process which risks degrading the pigments’ molecular architecture. As further
described in the following section, the melanin pigments produced by C. neoformans are deposited
into the cell wall, where they are intimately interwoven within its framework. Consequently,
isolated melanin samples (melanin “ghosts”) contain a substantial amount of non-pigment cellwall remnants (59), which give them a spherical, yeast-shaped silhouette, and in turn their
namesake (39). If generated from cultures provided an isotopically labeled melanization precursor
and natural abundance nutrient sources, the resulting ssNMR spectra of melanin ghosts will focus
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on the melanized cell walls but exclusively display signals attributable to the
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C and/or
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N-

labeled sites within the melanin pigment itself. This makes it possible to obtain atomic-level
information about fungal melanin structure while it is still associated with the cell wall, providing
biologically relevant insight into the pigments’ in vivo architecture which serves as an attractive
target for developing antifungal therapeutics.
The separate metabolic pools that are each used for pigment formation and the synthesis of
other cellular constituents can also be leveraged to study the melanized cell wall. The use of
isotopically enriched nutrient sources in addition to the provision of a natural-abundance melanin
precursor yields cells in which all non-pigment cellular constituents are labeled. Conversely to
what was described above, the resulting ssNMR spectra of melanin ghosts generated from these
cultures will display signals exclusively attributable to the cell-wall remnants, whereas the melanin
pigment signals remain invisible. Thus, the structural features of the melanized cell wall can be
examined without overlapping signals arising from the melanin pigment. Alternatively, both
isotopically labeled nutrient sources and melanization precursors can be used in conjunction with
one another to probe for molecular interactions between cell wall and melanin pigment. This
capability is invaluable for improving our understanding of how fungal pigments attach to the cell
wall, which again contributes to the development of antifungal therapeutics: disrupting the
interactions that govern cell-wall-pigment attachment effectively also disrupts melanization
(discussed further in the section below). Since the focus of the work completed within this
document was to further characterize the melanized cell wall using ssNMR, these labeling schemes
were essential to our success. They are described again in more detail in Chapter 3, as are the
experiments developed to make use of them in Chapter 2.
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1.3 The melanized cell wall
1.3.1 Cell wall pigment deposition
The current model for C. neoformans melanization depicts a process in which
intracellularly synthesized melanin pigments are extruded into the cell wall, where they then form
strong associations with various molecular constituents that are essential for their deposition and
retention (60). More specifically, melanin synthesis is initiated within laccase-containing vesicles
that localize to the plasma membrane. These intra-vesicularly produced nascent pigment polymers
form small aggregates, referred to as melanin granules, which are then transported into the cell
wall. Over time, as more granules are extruded into the cell wall, two things occur: first, since
laccase enzymes are also found within the cell wall, the granules that were already deposited
continue to polymerize and consequently form larger aggregates. Second, the newly deposited
melanin granules continuously push the larger aggregates towards the exterior of the cell wall until
they are dispersed along its entire diameter. As the pigments traverse the cell wall, they are
interwoven within its framework and associate with various cellular constituents, two of which in
particular were found to be essential for both melanin pigment deposition and retention: the
polysaccharides chitin and its deacetylated derivative, chitosan.
In the first reports linking these two polysaccharides with melanization, Banks et al. (2005)
and Baker et al. (2007) determined that, of the eight chitin synthase proteins (Chs1-8) coded for
by C. neoformans, the chitin synthase 3 enzyme (Chs3) and its chitin synthase regulator protein
(Csr2) are responsible for the production of cell-wall chitin, a substantial portion of which is
deacetylated to chitosan by one or more of three chitin deacetylase proteins (Cda1, Cda2 and Cda3)
with redundant activity (61, 62). Cells from C. neoformans chs3Δ, csr2Δ, and cda1Δ/cda2Δ/cda3Δ
deletion strains were found to have normal or increased chitin levels but significantly diminished
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chitosan content. The mutant strains also displayed traits such as incomplete cell separation during
budding, increased sensitivity to certain cell-wall stressors, and most notably, the inability to retain
cell-wall melanin pigments, leading them to display what they dubbed the “leaky melanin”
phenotype.
The aforementioned studies brought to light the fact that disrupting melanin pigment
formation, a primary virulence-associated trait of C. neoformans, does necessarily require the
direct inhibition of melanin biosynthesis; instead, it might be possible to target the biosynthesis of
key constituents in the cell wall to disrupt cell-wall-pigment attachment. The fact that humans do
not produce chitinous polysaccharides makes the prospect of augmenting their production
especially attractive for the purpose of generating new antifungal therapeutics. Further exploration
of this topic seemed rather intuitive for another reason: the melanin samples (melanin “ghosts”)
isolated for ssNMR structural analysis of the fungal pigment contain substantial quantities of nonpigment cellular constituents, including cell-wall polysaccharides, despite undergoing a
degradative purification process. And, although chitin had previously been identified as one of
these constituents, a number of residual non-pigment moieties remained unassigned, including
ones such as lipids that are not found in the cell wall. Thus, we set out to identify the cellular
constituents that associate with melanin pigments and define the interactions that govern these
attachments.
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CHAPTER 2
SOLID-STATE NUCLEAR MAGNETIC RESONANCE

2.1 Background
2.1.1 Introduction to nuclear magnetic resonance
Nuclear magnetic resonance (NMR) is a widely used spectroscopic technique that provides
molecular-level structural information by exploiting the intrinsic magnetic properties of atomic
nuclei that have “spin”. When placed in an applied external magnetic field (Bo), elemental isotopes
with nuclei that have a non-zero nuclear spin quantum number (I) give rise to a discrete number
of energy levels, or states. Irradiation in the form of a radio frequency pulse (RF) is used to excite
these “NMR active” nuclei and promote net transitions from a lower energy state to higher energy
state. The excited nuclei respond by emitting the absorbed radiation at a frequency that is
equivalent to the energy difference between the two states. As the nuclei return to the ground-state
distribution of spin states, a process known as T1 relaxation, they create a free induction decay
(FID) that is recorded in the time domain and subsequently Fourier transformed into a series of
frequency signals. The intensities of the resulting signals are then plotted as a function of their
frequencies to produce an NMR spectrum; these frequencies are known as chemical shifts and
most commonly reported in units of parts per million (ppm), which is defined as the normalized
difference between the resonance frequency and a reference frequency. Chemical shifts are
reflective of both the identity and the local environment of the elemental isotope being studied,
and in this way, NMR is able to aid in the identification of chemical functional groups are present
in a molecular system.
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Although solid-state NMR (ssNMR) and the traditional “solution-state” NMR are
governed by the same physical principles and both yield data that are interpreted in the same
manner, there are important distinctions between the two techniques. The rapid tumbling of
molecules in solution (i.e., Brownian motion) averages out orientation-dependent nuclear
interactions, rendering them unobservable using solution NMR experiments. However, in the solid
state these interactions are indeed observable, and the effects of two distinct types of orientationdependent interactions require consideration when conducting ssNMR experiments. Chemical
shift anisotropy (CSA) refers to the directionality of the interaction between the magnetic field
generated by a non-zero nuclear spin (i.e., its magnetic moment) and its valence electrons, whereas
dipole-dipole (DD) coupling arises from the interaction between the magnetic moments of pairs
of proximal nuclei. The presence of these interactions results in NMR spectra that are both
information rich and complex. Although valuable structural information can be derived from the
spectral features that CSA and DD coupling each give rise to, both interactions contribute
significantly to the spectral line broadening that requires most ssNMR experiments to be carried
out using magic-angle spinning (MAS). Therefore, understanding and being able to manipulate
the effects of these interactions is an essential part of ssNMR spectroscopy.

2.1.2 Chemical Shift Anisotropy (CSA)
Upon placing a nucleus into a strong magnetic field (Bo), the valence electrons that
surround it are induced to precess, generating a secondary, smaller magnetic field that opposes the
applied field. As a result, the net field experienced by the nucleus is reduced, which narrows the
difference between the high and low energy spin states, and consequently, augments the resonance
frequency of that nucleus (1). This effect, known as chemical shielding, thereby defines what the
chemical shift will be for any given nucleus. Although the chemical shift of a nucleus is commonly
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thought of as a single value, it can more accurately be described as having both isotropic
(orientation-independent) and anisotropic (orientation dependent) components. The anisotropic
component arises from the fact that the charge distribution around a nucleus is typically
asymmetrical, and therefore depends on the orientation of the electron cloud with respect to Bo. In
the NMR of liquids, assuming a molecule that is fully soluble and sufficiently small in size, all the
possible molecular orientations that contribute to the anisotropic component are averaged to a
single value by rapid molecular tumbling — the commonly reported isotropic chemical shift. The
deviation between the anisotropic and isotropic components of the chemical shift is known as
chemical shift anisotropy (CSA), and is observable only in the solid state.
The presence of CSA results in NMR spectra with broad peaks and a characteristic shape
known as a “powder pattern”, in which a superposition of chemical shifts is observed, each
representing a molecule that is oriented in a different direction with respect to the external
magnetic field. Since these patterns report information about how molecules are oriented when in
the solid state, they can be valuable when studying certain types of solid materials (2). However,
interpreting the powder patterns yielded by large and heterogenous macromolecular assemblies is
typically not feasible due to their immensely broad and complex lineshapes. To circumvent this
issue, the now commonplace technique of magic-angle spinning (MAS) was developed, which
entails rotating the sample at an angle of 54.7° relative to Bo. Sample rotation around this so-called
“magic angle” at a frequency greater than the peak linewidths obtained under static conditions
averages out the CSA, resulting in the observation of only the isotropic chemical shift and thereby
significantly reducing the spectral complexity (3). Nevertheless, regardless of whether one is
interested in interpreting powder patterns or in diminishing their complexity, the presence of CSA
interactions in the solid state must be considered when conducting experiments.
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2.1.3 Dipole-Dipole Coupling (DD coupling)
Dipole-dipole (DD) coupling (or dipolar coupling) is another orientation-dependent
interaction that is important to consider when conducting ssNMR experiments. Although DD
coupling and CSA are governed by two different phenomena, they are similar to one another in
that both are observable only in the solid state and give rise to broad spectral features from which
valuable information can be extracted (4). DD coupling arises from the interaction between the
magnetic moments (also known as dipolar fields) of spatially proximal nuclear pairs. The
magnitude, or strength, of this interaction describes the extent of which the dipolar field of one
nucleus affects the local magnetic field experienced by a neighboring nucleus. Whereas the CSA
interaction is orientation-dependent because its magnitude is influenced by the angle between Bo
and the electron cloud of a nucleus, the magnitude of the DD coupling interaction depends on the
angle between Bo and the nuclear magnetic moment of the vector linking any two spins.
The DD couplings present in the solid state are most commonly exploited for two purposes,
the first of which is to improve the signal-to-noise (S/N) ratio of experiments that detect nuclei
with low gyromagnetic ratios, such as

13

C. The gyromagnetic ratio, γ, is a constant value

characteristic for each NMR-active isotope and provides a measure of that particular nucleus’
sensitivity. Because the magnitude of the dipolar coupling between a pair of nuclei is directly
proportional to the product of their gyromagnetic ratios, these interactions can be used as a
mechanism to transfer magnetization from less sensitive to more sensitive nuclei (most typically
from 1H to 13C), which increases the overall sensitivity of the experiment and thereby improves
the S/N of the resulting spectra. The best-known example of this is the sensitivity enhancing crosspolarization (CP) technique, which is discussed in detail later in this section. The second reason
for exploiting DD couplings in ssNMR is to obtain information about internuclear distances. The
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magnitude of the DD coupling interaction between a pair of nuclei is also directly proportional to
the inverse cube of the internuclear distance, and therefore, experimentally monitoring the DD
coupling strength provides a measure of the spatial proximities between coupled nuclear pairs.
Many experiments have been developed for this purpose, examples of which are provided later in
this section.
Similarly to CSA interactions, DD interactions result in significant broadening of ssNMR
spectral linewidths in addition to providing useful structural information. However, the mechanism
by which the broadening occurs is different. The CSA gives rise to broad spectral features due to
the observation of superimposed chemical shifts that correspond to the same molecule oriented in
different directions relative to Bo. In contrast, the dipolar fields created by strongly dipolar coupled
nuclei cause the magnetization of proximal nuclei to decay, or dephase, at an increased rate, which
leads to more efficient relaxation and in turn results in broad spectral linewidths (5). Proximal
pairs of 1H-13C nuclei, which are ubiquitous in biological samples, tend to be strongly dipolar
coupled, and therefore, the signals that arise from carbons that are spatially nearby protons are
typically very broad. An exception to this is evidenced by the sharp linewidths of protonated
carbons that exhibit a significant degree of molecular motion (e.g., the methyl and methylene
carbons located in the acyl chains of lipids), which effectively averages out DD couplings.
Nevertheless, the implementation of MAS typically succeeds in only partial averaging of DD
couplings, and therefore, an additional measure in the form of “decoupling” is necessary to acquire
interpretable ssNMR spectra.
Whereas MAS diminishes the line broadening that arises from the CSA and, albeit to a
lesser extent, from DD couplings, decoupling specifically targets the latter interaction. Decoupling
refers to a process in which 1H nuclei are irradiated in a manner such that their dipolar fields have
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no influence on the nuclei they are coupled to. Consequently, the magnetization of the nuclear
isotope that is being observed (e.g., 13C) does not undergo dipolar dephasing, which in turn reduces
the spectral linewidths. Currently, the vast majority of ssNMR experiments are conducted using
MAS in conjunction with decoupling. The development of both MAS and decoupling has played
an essential role in expanding the reach of ssNMR in chemistry and biochemistry, since the
interpretable spectra we are able to obtain currently are a direct result of the combined use of these
techniques.

2.2 One-dimensional (1D) ssNMR experiments
2.2.1 Direct Polarization (DP)
The most basic ssNMR experiment involves using a single 90-degree radiofrequency (RF)
pulse to directly excite the nucleus of interest (typically 13C or 15N) and acquiring the resulting
signal. This is followed by a set period of time referred to as the recycle delay that allows the
excited nucleus to undergo longitudinal relaxation (T1 relaxation) prior to repeating the pulse
sequence. The DP technique is commonly employed to obtain 13C spectra in which the integrated
peak areas accurately represent the relative amounts of each carbon type. However, DP
experiments will only yield quantitatively reliable data if all of the excited 13C spins to return to
their equilibrium distribution of populations in the upper and lower energy states during the recycle
delay. The amount of time required for this to occur depends on the T1 relaxation values of the
various carbon types, which can be up to 10’s of seconds long for particularly rigid constituents,
and thus often makes it challenging to acquire quantitative spectra with an acceptable S/N in a
practical period of time. Nevertheless, running DP experiments with long recycle delays is
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worthwhile when quantitative structural information is needed since it’s the only strategy that
guarantees the uniform detection of all 13C nuclei.
Another application of the DP experiment takes advantage of the very long

13

C T1

relaxation times characteristic of rigid constituents and yields spectra that predominantly display
signals attributable to the mobile components of a sample. This editing of the spectrum is
accomplished by selecting a relatively short recycle delay (~1-2 s) that allows only the mobile
constituents to undergo complete relaxation; the rigid moieties are unable to reestablish
equilibrium within this short time period between RF pulses, which significantly attenuates their
signals. Although the resulting spectra are not reflective of the overall sample composition,
implementing a short recycle delay following DP excitation is a valuable technique to selectively
observe mobile sample components and reduce spectral crowding.

2.2.2 Cross Polarization (CP)
CP is a routinely implemented technique in the NMR of solid materials that enhances the
signals of nuclei such as 13C, which is both chemically and isotopically dilute (6, 7). The biological
samples of interest to us contain relatively few carbons in comparison to other NMR active nuclei
(namely protons), and additionally, the natural abundance of 13C is ~1.1% versus ~99.9% for 1H.
The CP experiment takes advantage of the high natural abundance of protons and uses the dipolar
coupling between 1H and the dilute nucleus as a means of magnetization transfer during a period
called the contact time. This process is followed by acquiring the enhanced 13C signal and results
in spectra with improved S/N that provide the same chemical shift information as do DP spectra.
An additional benefit of using the CP method is that the recycle delay time can be chosen based
on the T1ρ relaxation of 1H rather than the T1 relaxation of the dilute nucleus, which is typically
significantly longer. This allows for a greater number of scans (iterations of the pulse sequence)
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to be completed within the same experimental timeframe and consequently, leads to spectra with
improved S/N.
Although implementing the CP method is advantageous under many circumstances, it also
has a couple of drawbacks. Since the CP process involves transferring magnetization via the 1H
isotope, very little, if any, signal enhancement is observed for non-protonated carbons. Similarly,
mobile carbons also suffer from diminished signal enhancement because the dipolar couplings that
mediate CP magnetization transfer are averaged out by molecular motions. As a result, CP spectra
are often dominated by signals arising from rigid constituents with a high content of protons and
therefore are not quantitatively reliable.

2.3 Two-dimensional (2D) ssNMR experiments
2.3.1 Overview
Two-dimensional (2D) NMR experiments reveal additional information about molecular
systems by correlating the interactions between pairs of coupled nuclei. The resulting data is
displayed in a plot defined by two frequency axes, and interactions are visualized as cross-peaks
that typically correspond to the resonance frequencies (chemical shifts) of the nuclei within each
coupled pair. Nuclear interactions can be categorized as either “through-space” (i.e., dipolar
couplings) or “through-bond” (i.e., scalar or J-couplings), depending on the type of 2D experiment
that is used. These experiments can be further categorized as either homo- or heteronuclear, which
indicates whether the observed cross-peaks represent interactions between nuclei of the same type
(e.g., 13C-13C) or of different types (e.g., 13C-15N), respectively. Considering the wide variety of
2D experiments that exist, each of which yields a different and specific piece of information,
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experiment selection is of immense importance in order to appropriately address the biological
question being asked.

2.3.2 Dipolar-Assisted Rotational Resonance (DARR)
DARR is one of many 2D ssNMR experiments that detects through-space correlations
between proximal 13C-13C pairs by measuring homonuclear dipolar interactions (8–10). In other
words, it identifies carbons that are spatially nearby other carbons; and, in the resulting 2D plot,
the (x, y) coordinates of the observed cross-peaks correspond to the chemical shifts of the two
proximal carbons within each 13C-13C pair. Since the dipolar coupling strength between a pair of
nuclei is directly proportional to the inverse cube of the internuclear distance, this experiment can
be used to measure the approximate distances between carbons that are not required to be directly
bonded to one another. Depending on the experimental parameters that are used, the DARR
experiment can selectively visualize proximal pairs of

13

C-13C nuclei separated by distances

corresponding to as little as ~1 bond length (~2 Å) or as far as several bond lengths (up to ~6 Å).
Thus, it is possible to obtain both intra- and intermolecular

13

C-13C distances, which provides

valuable structural information about the macromolecular arrangement of complex biological
systems.
DARR is a variant of more basic experiment called Proton-Driven Spin Diffusion (PDSD),
in which the term “Spin Diffusion” refers to the spontaneous transfer of magnetization that occurs
between dipolar-coupled nuclei. However, the efficiency of this process is diminished by MAS
because the mechanically induced molecular motion partially averages out, and consequently
diminishes, the 1H-13C dipolar interactions that are required for magnetization transfer via spin
diffusion. As a result, even moderate spinning rates can yield PDSD spectra that suffer from poor
S/N, especially in experiments that aim to observe long-range
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13

C-13C correlations. The DARR

experiment was created to minimize the effect of MAS on the dipolar coupling strength: the
application of a weak 1H field equal to an integer of the MAS frequency (ωRF=ωR) partially
reintroduces the averaged 1H-13C dipolar couplings and thereby actively facilitates the spin
diffusion process. For this reason, DARR, or other similar “recoupling” methods, tend to be
preferred over PDSD under most circumstances. In sum, DARR is a versatile experiment with
multiple applications that has been routinely implemented to structurally characterize the
amorphous solids (e.g., melanin pigments) studied by the Stark Lab.

2.3.3 Sensitive, Absorptive, Refocused COrrelation SpectroscopY (SAR-COSY) & Incredible
Natural Abundance DoublE QUAntum Transfer Experiment (INADEQUATE)
Complementary to the 2D ssNMR experiments that detect through-space

13

C-13C

interactions (e.g., DARR) are those that detect through-bond 13C-13C interactions. Unlike throughspace

13

C-13C ssNMR experiments, which can visualize correlations between coupled carbons

separated by distances equivalent to several bond lengths, ssNMR through-bond experiments are
only capable of detecting 13C-13C pairs that are directly bonded to one another (i.e., separated by
one covalent bond). Nevertheless, the information they provide is invaluable for the structural
characterization of heterogeneous biological samples: many carbon-containing constituents
possess covalently bonded nuclear pairs with relatively unique

13

C chemical shifts that can be

definitively identified using this type of experiment.
The two most commonly implemented experiments in the Stark lab to identify correlations
between directly bonded 13C-13C pairs are the SAR-COSY (11) and the INADEQUATE (12, 13).
Both experiments rely on scalar (J) couplings to correlate directly bonded carbon pairs and provide
exactly the same information; where the two experiments differ lies in how the information is
presented. SAR-COSY spectra are “read” in the same manner as DARR spectra: each cross-peak
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represents a pair of two covalently bonded carbon nuclei, and the

13

C chemical shifts of each

nucleus are plotted on both x- and y-axes, resulting in a 2D plot with symmetry along the diagonal.
In INADEQUATE spectra, a pair of covalently bonded carbons is represented by two cross-peaks
that each have unique single quantum (SQ) 13C chemical shifts (x-axis) but share a common double
quantum (DQ) 13C chemical shift (y-axis). And, the DQ shift shared by each covalently bonded
carbon pair corresponds to the sum of the two SQ shifts. The so-called “single quantum”

13

C

chemical shifts are the same 13C frequencies plotted in the majority of NMR spectra and are here
referred to as SQ to distinguish them from the DQ

13

C chemical shifts. One benefit of the

INADEQUATE experiment is that the above format leads to spectra with reduced signal overlap
because the SQ shifts are spread out over a larger frequency range. However, INADEQUATE
spectra can prove challenging to interpret by visual inspection, especially if DQ shifts are an
unfamiliar concept. Thus, the choice between these two experiments ultimately comes down to
preference and spectrometer availability.

2.3.4 Transferred Echo DOuble Resonance (TEDOR)
TEDOR is a heteronuclear through-space ssNMR experiment that detects pairs of proximal
13

C-15N nuclei (14). The appeal of conducting such experiments largely lies within the fact that

15

N is chemically dilute in most biological samples: 13C-15N correlation experiments are invaluable

for distinguishing between nitrogenous and non-nitrogenous constituents that are otherwise
chemically similar and therefore difficult to distinguish in 13C spectra. In the TEDOR experiment,
the

13

C-15N dipolar interactions that are suppressed under MAS are reintroduced through the

selective application of rotor-synchronized radio frequency pulses. Consequently, magnetic
coherence is transferred only between coupled 13C-15N pairs that are located within ~5-6 Å of one
another, resulting in a 2D plot that displays cross-peaks exclusively attributable to 13C’s that are

34

near

15

N’s. Analogously to the through-space

13

C-13C DARR experiment, the TEDOR

experimental parameters can be adjusted to visualize either short- or long-range

13

C-15N

correlations. The ability to selectively observe only the most proximal pairs is invaluable
considering that there are no ssNMR experiments capable of detecting only covalently bonded
13

C-15N pairs; the TEDOR experimental parameters can be adjusted such that the resulting

spectrum displays only proximal pairs of 13C-15N nuclei separated by ~1-2 Å, which could indicate
covalent bonding. TEDOR experiments optimized to detect long-distance interactions can serve
multiple purposes, for example, to verify ambiguous

13

C resonance assignments of nitrogenous

constituents. As with the majority of ssNMR experiments, the TEDOR can be tailored to answer
a number of specific structural questions that depend on the sample of interest.

2.3.5 Insensitive Nuclei Enhancement by Polarization Transfer HETeronuclear CORrelation
Spectroscopy (INEPT-HETCOR)
INEPT-HETCOR is a through-bond heteronuclear experiment that detects covalently
bonded 1H-13C pairs exclusively from mobile constituents (15). Unlike in ssNMR, in the NMR of
liquids, the vast majority of multidimensional experiments rely on the detection of the NMR-active
proton isotope 1H. This is because 1H has an extremely high natural abundance in comparison to
other NMR-active nuclei such as 13C (~99% 1H be ~1% 13C), and also because it has a very high
gyromagnetic ratio, which renders it more “sensitive” than other nuclei and leads to greater signal
detection efficiency. However, in the solid-state where molecular motion is attenuated, these same
characteristics result in spectra with a significant number of overlapping peaks with exceedingly
broad 1H spectral linewidths.
When working with a sample of heterogenous composition, one way to partially
circumvent the aforementioned issue is to implement an experiment that preferentially detects the
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signals arising from mobile constituents, which typically have significantly narrower linewidths
than the signals of rigid moieties. We have accomplished this by modifying a “conventional” 1H13

C HETCOR experiment to include a preparatory step prior to data acquisition that leverages the

through-bond scalar couplings between 1H and 13C nuclei using INEPT polarization transfer: the
same molecular motions displayed by mobile constituents that average out the through-space 1H13

C dipolar couplings of CP function as a primary source of INEPT signal decay. As a result, the

signals arising from rigid molecules die off prior to detection and only covalently bonded 1H-13C
nuclear pairs located within mobile molecules are observed.
Many biological samples contain a mixture of constituents that undergo differing degrees
of molecular motion and consequently, cannot be fully characterized using the INEPT-HETCOR
alone. However, the selectiveness of this experiment has great utility when dealing with
structurally complex biological systems that yield spectra with numerous overlapping signals: the
sampling of covalently bonded 1H-13C pairs within mobile molecular moieties results in
significantly less spectral crowding. Moreover, the ability of the INEPT-HETCOR to discriminate
between constituent types based on their degree of molecular motion is often informative in itself,
since the observed cross-peaks can be attributed exclusively to mobile molecules, which aids in
their identification. In sum, the INEPT-HETCOR experiment can provide otherwise unobtainable
information if implemented for the appropriate purpose.
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CHAPTER 3
EXPERIMENTAL RATIONALE & PROTOCOLS

3.1 Cell growth
3.1.1 Growing melanized C. neoformans cells – Background
Unlike the majority of melanotic fungal species, which synthesize melanin from
endogenous substrates via the 1,8-dihydroxynaphthalene (DHN) pathway, C. neoformans
produces melanin pigments solely from exogenous precursors via the DOPA (3,4dihydroxyphenylalanine) pathway. The enzyme laccase is responsible for catalyzing melanization
in C. neoformans and can utilize a wide variety of diphenolic compounds (most typically
catecholamines) for melanin biosynthesis. However, in contrast to the melanogenic phenoloxidase
proteins of other species that synthesize DOPA melanin, laccase is unable to hydroxylate
monophenolic compounds, which precludes the formation of melanization precursors from
endogenously produced tyrosine. Consequently, C. neoformans depends on exogenous sources of
diphenolic or catecholamine compounds for melanin synthesis and an appropriate substrate must
be added to culture media to grow melanized cells in vitro.
The melanized C. neoformans cells used for our studies, which are grown by members of
the Arturo Casadevall lab in Johns Hopkins University, are most typically provided L-DOPA as
the obligatory precursor for melanin synthesis. A large body of work has demonstrated that the
provision of L-DOPA as the melanization substrate instead of other well-established and
biologically significant melanin precursors such as dopamine or norepinephrine results in greater
cell-wall pigment deposition and a higher yield of ‘melanin ghosts’, which are essentially isolated
melanized cell wall samples composed of both cellular and pigment moieties (discussed in the next
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section). To further ensure an adequate sample yield, the cells are provided L-DOPA at a 1 mM
concentration in chemically defined minimal media and are allowed to incubate for 10 to 14 days
before being harvested. Prior studies have shown that the maximum rate of melanin production is
reached within 10 days and does not increase with higher concentrations of melanization substrate.
Minimal media is used for the melanization cell cultures because low nutrient availability has also
been shown to enhance melanin production.
For certain ssNMR experiments, samples labeled with NMR-active stable isotopes are
generated by isolating melanin ghosts from cell cultures in which one or more components of the
melanization media are replaced with thetheir isotopically enriched forms. The fact that C.
neoformans has an absolute dependence on exogenous precursors for melanin biosynthesis arises
from its inability to utilize nutritional fuel to endogenously produce these compounds. Conversely,
C. neoformans is also unable to catabolize exogenously acquired melanization substrates to
produce nutritional fuel. Together these unique metabolic properties allow us to selectively enrich
either the melanin pigment or the residual cellular constituents that comprise melanin ghosts and
thus “highlight” the signals attributable to those moieties. For example, melanin ghosts isolated
from cell cultures containing an isotopically labeled melanization precursor such as 13C-enriched
L-DOPA result in NMR spectra that only exhibit resonances corresponding to the melanin
pigment. Alternatively, since minimal media contains only a single source of each carbon and
nitrogen, replacing one or both of these nutrient sources with their isotopically enriched forms and
providing a natural abundance melanization precursor yields melanin ghosts that are ideal for the
structural investigation of the melanized cell wall. It is also possible to combine these two
strategies to produce duel-enriched ghost samples in which both the melanin pigment and cellular
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constituents contain well-defined isotopic labels, consequently enabling us to test for molecular
interactions between the two structures by means of 2D ssNMR spectroscopy.

3.1.2 Growing melanized C. neoformans cells – Protocol
Cryptococcus neoformans cells (Serotype A, strain H99) are inoculated in chemically defined
minimal medium (15 mM D-glucose, 10 mM MgSO4, 29.4 mM KH2PO4, 13 mM glycine, 3 µM
thiamine, dH2O, pH adjusted to 5.5 with KOH) containing 197 mg of L-DOPA (1 mM final
concentration) as the obligatory melanization precursor. After 10-14 days of incubation at 30 °C
in a rotary shaker operating at 110 rpm, the cells are harvested by centrifuging the culture at 10k
rpm for 30 minutes and decanting the supernatant. Residual cellular debris is removed by
resuspending the cell pellet in 25 mL phosphate-buffered saline (PBS), centrifuging at 10k rpm
for 10 minutes, and decanting the supernatant. This washing step is repeated once more using
another 25 mL aliquot of PBS. The resulting melanized cell pellet is resuspended in a third aliquot
of 25 mL PBS prior to being frozen with liquid nitrogen and stored at -80 °C.

3.2 Sample prep
3.2.1 Melanin ghost isolation – Background
The first protocol for C. neoformans melanin isolation was proposed by Wang, et al. (1996)
after fortuitously discovering that melanized cells were resistant to solubilization in the chemical
detergent guanidinium isothiocyanate (1). Further treating the remaining cellular material with hot
concentrated HCl yielded black solid particulate matter that electron paramagnetic resonance
spectroscopy (EPR) subsequently confirmed as melanin. However, when examined using light
microscopy, the black particulates appeared to be the size and shape of yeast cells, but did not
contain any cellular structures, and thus were surmised to represent the “ghosts” of melanized
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cells. In other words, this degradative two-step process did not result in the isolation of purified
melanin pigments; instead it yielded melanized cell walls, or pigments that were still tightly
associated with the cellular matrix on which they were deposited.
In following years, several modifications were made to the original two-step melanin ghost
isolation protocol proposed by Wang, et al. (1996). Most notably, Rosas, et al. (2000) included
three additional steps to further remove the melanin-associated cellular constituents in an attempt
to generate ghost samples with improved pigment recognition by melanin-binding antibodies (2).
Quantitative elemental analysis revealed that in comparison to the ghosts produced by Wang, et
al., the C:N:O ratio of the samples obtained using the revised protocol more closely matched that
of synthetic DOPA-melanin, indicating that the additional steps effectively reduced the amount of
residual non-pigment cellular moieties and thereby increased the relative content of melanin
pigment. The ghost samples produced by the five-step protocol, which includes cell-wall digestion,
protein hydrolysis, and lipid extraction in addition to the guanidinium thiocyanate incubation and
hot HCl treatment, were indeed better-suited for the development of serological assays. Moreover,
these pigment-enriched ghosts were also attractive for the investigation of melanin structure, and
consequently the protocol proposed by Rosas, et al. strongly resembles the process we currently
implement to generate samples for our ssNMR analyses.
In addition to growing C. neoformans melanized cell cultures, members of the Casadevall
lab have also been preparing the melanin ghost samples for ssNMR examination by the Stark lab
for over a decade. Although this ongoing collaboration has resulted in steadily defining numerous
architectural features of this enigmatic pigment, we recently decided to undertake melanin ghost
isolation in the Stark lab for the first time. The protocol outlined below is followed by both lab
groups and has shown to produce similar melanin ghost samples.
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3.2.2 Melanin ghost isolation – Protocol
The melanin ghost isolation protocol is composed of five separate enzymatic or chemical
treatments followed by sample dialysis and lyophilization. If the steps are performed
consecutively, the entire procedure can be completed within 10 days. The reagent volumes listed
below are for a 100 mL culture of melanized C. neoformans cells, which typically yields ~10 mg
of dry solid sample.

Step 1 – removal of fungal cell walls
•

Sorbitol suspension media: 1.0 mM sorbitol, 0.1 M sodium citrate dihydrate, pH adjusted
to 5.5 with HCl; the buffer is prepared in a 1 L quantity and filter-sterilized to deter
microbial growth during long term storage.

•

Lysing enzymes from Trichoderma harzianum (previously Glucanex): manufactured by
Novozyme and purchased from Sigma-Aldrich as a lyophilized powder; contains mainly
β-glucanase activity with some cellulase, protease and chitinase activities.

The melanized cells that were washed with and resuspended in PBS are defrosted and subsequently
centrifuged for 10 minutes at 10k rpm. The supernatant is decanted to remove the PBS. In a 50 mL
Falcon tube, 300 mg of lysing enzymes from Trichoderma harzianum is added to 30 mL of sorbitol
suspension media (10 mg/mL enzymatic solution) and vortexed until fully dissolved. This solution
is directly transferred into the centrifuge tube containing the melanized cell pellet, and the sample
is thoroughly vortexed until the cells are resuspended. The tube is then placed in a 30 °C water
bath and left to incubate for 24 hours. When completed, the treated cells are collected by
centrifugation for 10 min at 10k rpm and decanting of the supernatant. The sample is then washed
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twice by resuspending the pellet in 25 mL PBS, centrifuging for 10 min at 10k rpm, and decanting
the supernatant. Alternatively, the sample can be resuspended in PBS and stored at room
temperature until the next step is performed.

Step 2 – protein denaturation
•

4 M Guanidinium thiocynate solution; a 15 mL solution is made by dissolving 7.0 g of
solid guanidine thiocynate in dH2O immediately prior to being used.

After the second wash is completed, the 15 mL guanidinium thiocyanate solution is transferred to
the centrifuge tube. The tube is first vortexed, and then placed onto a table-top rocker operating at
a slow-moderate speed for 18 hours at room temperature. Two washes with 25 mL PBS are again
performed prior to moving onto the next step.

Step 3 – protein hydrolysis
•

Tris-HCl buffer: 10 mM Tris-HCl, 5 mM CaCl2, 0.5% sodium dodecyl sulfate (SDS), pH
adjusted to 8.0 with HCl; the buffer is prepared in a 1 L quantity and filter-sterilized to
deter microbial growth during long term storage.

•

Proteinase K lyophilizate from Pichia pastoris: manufactured by Roche Scientific and
purchased from Sigma-Aldrich; upon receiving this reagent, the solid contents are
transferred into a Falcon tube and the appropriate amount of dH2O is added to make a 20
mg/mL stock solution, which is stored at -20 °C and only defrosted immediately prior to
being used.
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A 10 mL solution containing 1 mg/mL Proteinase K is made by mixing 0.5 mL of the 20 mg/mL
stock solution and 9.5 mL of the Tris-HCl buffer in a 15 mL Falcon tube. After the second PBS
wash, the solution is transferred into the centrifuge tube containing the sample pellet. The sample
is resuspended by vortexing and then placed into a 65 °C water bath for 4 hours. The resulting
particles are collected and washed with three aliquots of 25 mL PBS, which is typically sufficient
to remove any visible traces of SDS. Once the third PBS wash is completed, the sample is
resuspended in 30 mL saline solution (0.9% NaCl) in preparation for the following step.

Step 4 – Folch Lipid Extraction
•

The following procedure is roughly adapted from Folch, et al., (1957)., in which a 4:8:3
ratio of Methanol:Chloroform:Saline is used for the extraction of lipids (3).

•

Important note: the chloroform used for this process must contain 0.75% ethanol as the
preservative (added by the manufacturer) to avoid bleaching the melanin pigments.

The saline suspension is transferred from the centrifuge tube into a 500 mL separatory funnel. The
sample tube is rinsed with a 40 mL aliquot of methanol, which is subsequently also transferred
into the separatory funnel. After capping and gently shaking the funnel, the stopcock is quickly
opened and closed to release any built-up pressure. The separatory funnel is placed onto a stand
and uncapped, and an 80 mL aliquot of chloroform is added to the saline-methanol mixture. With
one hand placed on the cap, the funnel is shaken vigorously, taking care to intermittently open the
stopcock to vent the pressure. The funnel is then left to stand uncapped until the solvents separate
into two layers, with a third interfacial layer containing insoluble melanin aggregates. The
stopcock is opened, and the organic (bottom) layer is drained through the stem into a waste
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container until the interfacial particles reach the bottom of the funnel. The remaining aqueous (top)
layer is then removed from the separatory funnel using a glass pipette. The process is repeated
twice more by adding another 40 mL aliquot of methanol, gently shaking, adding 80 mL
chloroform, vigorously shaking, allowing the layers to separate, and draining the bottom layer. In
preparation for the following step, after the third extraction the solid black aggregates that
comprised the interfacial layer are poured out of the separatory funnel into a 250 mL round-bottom
flask. If necessary, a small amount of dH2O is used to suspend any remaining particles, which are
then also transferred to the round-bottom flask.

Step 5 – hydrolysis of residual acid-labile constituents
•

Concentrated hydrochloric acid (37% HCl, equivalent to approximately 12 M) is purchased
from Sigma-Aldrich; upon purchase, a 6 M solution is made by mixing equal parts dH2O
and concentrated HCl in a glass bottle for storage.

A 20 mL aliquot of 6 M HCl is transferred into the round-bottom flask containing the insoluble
melanin aggregates. The contents are gently swirled to mix prior to placing the flask onto a heating
mantle. The temperature is raised to approximately 90 °C, and then adjusted until a moderate
steady boiling is reached. After 1 hour of boiling, the heating source is turned off, the round bottom
flask is removed from the mantle, and the solution is allowed to cool to room temperature.

Step 6 – Dialysis & lyophilization
•

Dialysis tubing 29 mm diameter and a membrane molecular weight cut-off (MWCO) of
12-14 kDa is purchased Spectrum Chemical (Spectra/Por 4 RC).
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While the HCl-hydrolyzed solution is cooling, an approximately eight-inch strip of dialysis tubing
is cut and placed into an appropriately sized beaker filled with dH2O. The tubing strip is left to
soak for 15 minutes. Once the membrane is rehydrated, the tubing is opened and thoroughly rinsed
with dH2O to remove the glycerin (added as a humectant). One end of the tubing is clamped shut
using a weighted dialysis clip, the cooled sample solution is poured into the sleeve, and then a
second non-weighted clip is used to seal the tubing. The membrane containing the sample is placed
into a 4 L beaker filled with dH2O. To aid in the diffusion of solutes, the beaker is left under
magnetic stirring and the dialysis water is changed 3 times per day over a 4-day period. When
completed, the sample solution is poured into a clean 50 mL Falcon tube, which is subsequently
submerged in liquid nitrogen. Lastly, the frozen solution is placed under vacuum to lyophilize.
After 1 to 2 days, the sample tube is collected and contains the black solid particles we refer to as
melanin “ghosts.”

REFERENCES
1.

Wang, Y., Aisen, P., and Casadevall, A. (1996) Melanin, melanin “ghosts,” and melanin
composition in Cryptococcus neoformans. Infect. Immun. 64, 2420–2424

2.

Rosas, A. L., Nosanchuk, J. D., Gomez, B. L., Edens, W. A., Henson, J. M., and
Casadevall, A. (2000) Isolation and serological analyses of fungal melanins. J. Immunol.
Methods. 244, 69–80

3.

Folch, J., Lees, M., and Sloane Stanley, G. . (1957) A simple method for the isolation and
purification of total lipides from animal tissues. J. Biol. Chem. 226, 497–509

47

CHAPTER 4

In the manuscript in this chapter, Christine Chrissian acquired and analyzed the ssNMR data and
wrote the corresponding text. She also participated in drafting sections of the discussion and
editing the full article.

This research was originally published in Microbiology. E. Camacho, C. Chrissian, R.J.B.
Cordero, L. Liporagi-Lopes, R.E. Stark, and A. Casadevall. N-acetylglucosamine affects
Cryptococcus neoformans cell-wall composition and melanin architecture. Microbiology
2017; 163(11): 1540–1556. © Microbiology Society. DOI: 10.1099/mic.0.000552.

48

N-acetylglucosamine affects Cryptococcus neoformans cell wall composition and
melanin architecture

ABSTRACT
Cryptococcus neoformans is an environmental fungus that belongs to the Basidiomycetes phylum
and is a major pathogen in immunocompromised patients. The ability of C. neoformans to produce
melanin pigments represents its second most important virulence factor, after the presence of a
polysaccharide capsule. Both the capsule and melanin are closely associated with the fungal cell
wall, a complex structure essential for maintaining cell morphology and viability under conditions
of stress. The amino sugar N-acetylglucosamine (GlcNAc) is a key constituent of the cell-wall
chitin and used for both N-linked glycosylation and GPI-anchor synthesis. Recent studies suggest
additional roles for GlcNAc as an activator and mediator of cellular signaling in fungal and plant
cells. Furthermore, chitin and chitosan polysaccharides interact with melanin pigments in the cell
wall and have been found to be essential for melanization. Despite the importance of melanin, its
molecular structure remains unsolved; however, we have previously obtained critical insights
using advanced nuclear magnetic resonance (NMR) and imaging techniques. In this study, we
investigated the effect of GlcNAc supplementation on cryptococcal cell wall composition and
melanization. C. neoformans was able to metabolize GlcNAc as a sole source of carbon and
nitrogen, indicating a capacity to nutritionally use a component of a highly abundant polymer in
the biosphere. C. neoformans cells grown with GlcNAc manifested changes in the chitosan cellwall content, cell-wall thickness, and capsule size. Supplementing cultures with isotopically 15Nlabeled GlcNAc demonstrated that the exogenous monomer serves as a building-block for
chitin/chitosan and is incorporated into the cell wall. The altered chitin-to-chitosan ratio had no
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negative effects on the mother-daughter cell separation; growth with GlcNAc affected the fungal
cell-wall scaffold, resulting in increased melanin deposition and assembly. In summary, GlcNAc
supplementation had pleiotropic effects on cell wall and melanin architectures and thus established
its capacity to perturb these structures, a property that could prove useful for metabolic tracking
studies.

INTRODUCTION
Cryptococcus neoformans is an encapsulated yeast with global distribution that has
emerged as a major opportunistic fungal pathogen affecting immunocompromised patients (1).
Cryptococcal infection of the central nervous system (CNS) typically presents as
meningoencephalitis, which causes up to 20% of deaths in HIV-infected patients from developing
countries of sub-Saharan Africa (2). In the United States, the annual incidence of cryptococcosis
has decreased to 2-7 cases per 1000 HIV-infected persons; however, up to 89% of those infected
will develop a deadly CNS manifestation (3). This organism has several traits that contribute to
virulence, including the ability to grow at 37 ºC, presence of a polysaccharide capsule, and the
production of melanin pigments. The capsule and melanin are intimately associated with the fungal
cell wall, and together they are considered to be the two most relevant factors contributing to C.
neoformans virulence (4, 5). The polysaccharide capsule is comprised primarily of
glucuronoxylomannan (GXM) (90%) and galactoxylomannan (GalXM), with small contributions
from mannoproteins (6). The capsule surrounds the exterior of the cell wall and is anchored to it
by an interaction of GXM with α-1,3-glucan (7, 8), chitin, and chitosan (9, 10). On the other hand,
melanin synthesis in C. neoformans occurs at the plasma membrane within lipid vesicles, known
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as fungal melanosomes, which then transit to the cell wall where melanin pigments are deposited
(11, 12).
The fungal cell wall is a flexible and dynamic structure that is critical for viability, and
often comprises the interface for interactions between pathogenic fungi and their hosts. Fungal cell
walls are composed of glucans, chitin, and glycosylated proteins. Many of these constituents are
specific to the fungal kingdom and their pharmacological inhibition is an attractive target for
antifungal agent development. Chitin, accounting for about 2% of yeast species cell-wall mass, is
a linear ß-1,4-N-acetylglucosamine homopolymer; it forms hydrogen-bonded microfibrils that
contribute significantly to the mechanical strength and integrity of the wall structure (13, 14). In
fact, these biopolymer assemblies can form either long thin microfibrils or short thick rodlets,
suggesting that particular morphological variants of chitin could have distinctive structural roles
at particular cellular locations (15). The cryptococcal cell wall also contains significant amounts
of chitosan, the deacetylated form of chitin, which is produced by chitin deacetylase enzymes via
removal of acetyl groups from nascent chitin polymers (16, 17). During C. neoformans vegetative
growth, the chitin produced by the chitin synthase (Chs3) and the chitin synthase regulator (Csr2)
is deacetylated to chitosan by up to three chitin-specific enzymes known as chitin deacetylases
(Cda1, Cda2, and Cda3) (18, 19). Strains of C. neoformans lacking CHS3, CSR2, or CDA1, CDA2,
and CDA3 have significantly reduced chitosan levels, greater sensitivity to diverse cell-wall
stressors, and altered mother-daughter cell separation – showing that chitosan is essential for the
cell-wall integrity. Furthermore, strains such as ∆CHS3, ∆CSR2, and ∆CDA1/∆CDA2/∆CDA3 are
unable to retain the melanin pigment within the cell wall, instead displaying a “leaky melanin”
phenotype (18, 19).
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Melanins are natural pigments synthesized by members of all biological kingdoms by
polymerizing phenolic and/or indolic compounds, resulting in negatively charged, hydrophobic,
and acid-resistant materials with remarkable capabilities including energy transduction and capture
of electromagnetic radiation (20). As noted above, the ability of C. neoformans to produce melanin
is strongly associated with virulence and resistance to antifungal agents (21, 22). This fungus also
provides a unique system for the study of melanin biology because pigment synthesis occurs
exclusively upon provision of exogenous catecholamines during growth (12, 23). Despite the
insolubility and structural heterogeneity of the resulting melanin pigments, high resolution solidstate nuclear magnetic resonance (ssNMR) has proven to be a powerful method that provides
insights into the molecular architecture of fungal eumelanins (24-28). Notably, our ssNMR
experiments have demonstrated that a matrix composed of cell-wall components derived from
polysaccharides, including chitin, and tightly associated lipid membrane constituents, serves as the
scaffold for layered deposition of the aromatic-based pigments and formation of a chemically
resistant biopolymer complex. Moreover, we obtained two-dimensional ssNMR evidence
supporting the hypothesis that covalent linkages were formed between carbons of the melanin
pigment and either chitinous or membrane-derived constituents (25).
These links between the formation of a cell-wall scaffold and melanin deposition in C.
neoformans dovetail with previous studies of Candida albicans (29): disruption of a chitin
synthase inhibited melanin externalization along the cell-wall surface, whereas addition of Nacetylglucosamine (GlcNAc) to the culture medium boosted melanin production and promoted its
extrusion. The generality of intimate associations between chitin and melanin has also been
illustrated by diverse organisms in nature, including honeybees (30), damselflies (31), and marine
invertebrates (32).
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In the current study, we evaluated the effect of the monosaccharide GlcNAc on the
cryptococcal cell-wall architecture and composition. Our hypothesis was that supplementation
with GlcNAc would alter the synthesis and subsequent deacetylation of the chitin biopolymer,
affect the cell-wall structure through changes to the chitin-to-chitosan ratio, and impact the
molecular interactions involved in melanin assembly and deposition.

RESULTS
C. neoformans can metabolize GlcNAc as a carbon and nitrogen source. The successful
establishment of any unicellular microorganism in a particular environment is highly dependent
on its ability to metabolize available nutrients, including sources of carbon, nitrogen and essential
elements such as iron. To determine whether C. neoformans would tolerate and use available
GlcNAc in culture media, we assessed its growth in MM supplemented with the monosaccharide.
GlcNAc supplementation at levels between 0.5 and 250 mM had no negative effects upon the
fungal growth at 30 ºC in this media Figure 1A. This result prompted us to evaluate the ability of
GlcNAc to serve as a primary carbon or nitrogen source in MM by omitting the addition of glucose
and L-glycine, respectively. Cells grown in glucose-free GlcNAc-supplemented MM reached a
lower growth density than in the presence of both carbon sources; additionally, little or no growth
was observed below a GlcNAc concentration of 5 mM Figure 1B. However, if L-glycine was
omitted and GlcNAc represented the sole nitrogen source in the culture media Figure 1C, an overall
increase in fungal growth density was found, suggesting that C. neoformans has a robust tolerance
for this monosaccharide nutritional component. These findings led us to test the ability of C.
neoformans to thrive when GlcNAc served as the exclusive source of both carbon and nitrogen
Figure 1D. When C. neoformans was cultured in glucose- and L-glycine-free MM, cells
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supplemented with GlcNAc above the 1 mM concentration manifested an abrupt increase in
growth density at 36 h. In addition, an overall higher growth density was achieved in comparison
to cells cultured with glucose plus GlcNAc Figure 1A, thus indicating enhanced metabolism in the
presence of GlcNAc as the sole nutritional fuel. Together, these data demonstrate that C.
neoformans can respond rapidly to GlcNAc and use it as both a carbon and nitrogen source.

Figure 1. C. neoformans can use GlcNAc as a source of carbon and nitrogen. Representative
growth curves of C. neoformans strain H99 in minimal media (MM) with different concentrations
of N-acetylglucosamine (GlcNAc) as supplementation. (a) MM plus GlcNAc. (b) MM glucosefree plus GlcNAc. (c) MM glycine-free plus GlcNAc. (d) MM glucose/glycine-free plus GlcNAc.
Fungal cell growth was recorded at an optical density of 600 nm in a Bioscreen reader with
continuous shaking at 30 °C for 96 h. Each growth curve was performed in two–three independent
experiments with similar results. Data represent mean±SD; each point was analyzed in triplicate.
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GlcNAc supplementation alters the fungal cell wall chitin-to-chitosan ratio. C. neoformans
chitin and chitosan levels are known to increase as cultures progress from late-log to stationary
phase and vary depending on the culture medium (18, 39, 40). In nutrient-rich liquid medium such
as YPD, C. neoformans chitosan levels can be 3-5 times higher than chitin (18). To determine the
effects of GlcNAc supplementation on the chitin and chitosan (chitinous) content of the
cryptococcal cell wall, we grew C. neoformans cultures in MM with various concentrations of this
monosaccharide. Post supplementation, the amounts of cell-wall chitin and chitosan were assessed
using both qualitative and quantitative assays.
Cell-wall staining with the fluorescent dyes Uvitex 2B Figure 2A and Eosin Y Figure 2B,
which bind to chitin and chitosan, respectively (19, 41), revealed no changes in chitinous cell wall
composition upon GlcNAc supplementation at any of the concentrations tested. Biochemical
quantitation of individual cell-wall chitin and chitosan levels was performed using a modified
protocol for the MBTH reaction, a colorimetric assay highly specific for amino sugars (34). This
assay involves deacetylatation of chitin to chitosan, allowing measurement of both sugar
components together as glucosamine. Cells cultured in unsupplemented MM cultures had twice
the amount of cell-wall chitin content than chitosan, opposite to the trend observed in a rich
medium such as YPD. GlcNAc supplementation was found to significantly increase the amount of
total chitinous material (chitin plus chitosan) in the cell wall, which was attributable to an
approximate 1.7-fold increase in chitosan content when compared to the non-supplemented cells
Figure 2C. Although chitin levels were unaffected, a progressive drop of ~50% in the chitin-tochitosan ratio was observed when the GlcNAc supplementation was increased to 5 mM. By
contrast, C. albicans lacks chitosan; supplementation promotes increased chitin levels and
extrusion of melanin pigments (29).
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Figure 2. GlcNAc supplementation alters the C. neoformans cell-wall chitin/chitosan ratio. (a)
Top panel, India ink staining that allows the capsule and cell body size to be visualized. Bottom
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panel, Uvitex 2B staining for chitin qualitative detection. (b) Bright field and eosin Y staining for
chitosan staining. (c) Bar graph, biochemical determination of chitin, chitosan and the total of
chitin plus chitosan using the MBTH colorimetric reaction measured at 650 nm. The data represent
an average of four independent cultures for each condition. The error bars indicate standard
deviations. An asterisk indicates a significant difference (P<0.05) between the chitosan content of
the control and that of the supplemented samples. Two asterisks indicate a significant difference
(P<0.005) between the chitin plus chitosan content of the control and the supplemented samples.
Line graph, median value of chitin-to-chitosan ratio of three independent cultures for each
condition. These experiments were performed after 96h of supplementation with GlcNAc in MM
at 30 °C. All pictures were taken with the same exposure time as a control (at a magnification of
100✕). Scale bar, 10 μm.

Exogenous GlcNAc is taken-up by C. neoformans cells and utilized as a cell-wall building
block. The relevation that GlcNAc-supplemented cells have altered amounts of cell-wall chitin
and chitosan prompted us to determine the fate of this exogenous substrate. Although we had
already established the ability of C. neoformans to use GlcNAc as a sole carbon and nitrogen
source, our supplementation studies are carried out in MM containing glucose, which has potential
to effectively shift nutrient uptake and metabolism. In addition to using the MBTH assay for cellwall chitin and chitosan quantification, this assay was also used to monitor GlcNAc depletion in
supplemented culture media. C. neoformans cells grown for 96 h at 30 ºC with 1 mM or 5 mM
GlcNAc supplementation demonstrated ~77% and ~25% uptake of the additional fuel, respectively
Figure 3A. In a separate study, cell-wall material was isolated from C. neoformans cultures
supplemented with 15N-enriched GlcNAc, which allowed us to track this nutrient once internalized
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by the cells. These samples were analyzed using 15N CPMAS NMR experiments and the resulting
spectra displayed strong signals at approximately 123 and 30 ppm, which are characteristic of
chitin and chitosan, respectively (42), and thereby strongly suggest that GlcNAc is indeed readily
utilized as a precursor for cell-wall constituents Figure 3B.

Figure. 3. Exogenous GlcNAc is taken up by C. neoformans cells and utilized as a cell-wall
building block. (a) GlcNAc quantification of culture media supernatant before and after 96 h of
fungal growth at 30 °C in MM supplemented with GlcNAc. The GlcNAc levels were measured
using a modified 3-methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH) colorimetric
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reaction at 560 nm. The data represent the mean of results from three independent samples for
each condition. The error bars indicate standard deviations. (b) 15N cross-polarization (CPMAS)
NMR spectra of lyophilized alkaline-extracted cell-wall mate- rial from cells grown in the presence
of 15N-enriched GlcNAc displaying strong signals at approximately 123 and 30 ppm, which are
characteristic of chitin and chitosan, respectively, thereby strongly suggesting that the exogenous
substrate is internalized and indeed readily utilized as a precursor for cell-wall constituents. The
spectrum of N-acetyl-D-[15N]-glucosamine (second from bottom) used for cell- supplementation
is shown for comparison.

GlcNAc induced morphological changes in the C. neoformans cell wall and influenced
melanin deposition. Fungi synthesize a wide variety of polysaccharides, which constitute the
major structural components of the cell wall and comprise up to 90% of its total mass (43).
Polysaccharides are arranged in close proximity to one another and with other cell-wall
components such as glycosylated proteins, lipids, pigments, and inorganic salts; together they give
rise to the robust architecture of the fungal cell wall (14). Ultrastructural studies of C. neoformans
cell walls have revealed the presence of a two-layered structure: a high electron-dense striated
inner layer and a low electron-dense outer layer with a more particulate appearance (7, 44, 45). In
the current study, transmission electron micrographs showed that GlcNAc supplementation
induces significant alterations in the cell-wall thickness and capsule diameter Figures. 4A,B. These
morphological changes appear to be concentration dependent: 1 mM supplemented cells exhibited
diminished capsule diameter and cell-wall thickness in comparison to non-supplemented control
cells. Conversely, 5 mM GlcNAc supplementation did not affect capsule diameter, but the cell
walls were observed to be 30% thicker than in control cells, particularly in the region
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corresponding to the electron-dense inner layer. Chitin, chitosan, and ß-glucan together form an
alkali-insoluble meshwork located on the inner layer of the cryptococcal cell wall that is principally
responsible for imparting rigidity (14, 46). Hence, our data suggest that 5 mM GlcNAc
supplementation could be modifying the basal structural layer of the cryptococcal cell wall by
augmenting chitosan levels.

Figure 4. The C. neoformans cell-wall ultrastructural architecture is remodeled by GlcNAc
supplementation. (a) Representative transmission electron micrographs of C. neoformans postGlcNAc supplementation, showing electron-dense structures of the cell wall (CW) and capsule
(CP). (b) Measurement of cell-wall and capsule thickness. On the cell-wall panel (left), two
asterisks indicate a significant difference (P<0.005) between the cell-wall thickness of the control
and the 5 mM GlcNAc-supplemented sample. On the capsule panel (right), four asterisks indicate
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a significant difference (P<0.0001) between the capsule thickness of the control and the 1 mM
GlcNAc-supplemented sample. Scale bar, 200 nm. CY, cytoplasm.
Moreover, GlcNAc supplementation yielded cells displaying significant reductions in both
melanized cell wall thickness and capsule diameter Figures 5A,B. The cellular location of melanin
throughout the cell wall did not seem to be affected by GlcNAc supplementation, since both
conditions resulted in fungal cell walls showing two melanin layers with distinctive electron
density; however, the melanin layers in GlcNAc-supplemented cells appeared more tightly
arranged across the cell wall as GlcNAc concentration was increased. Melanin deposition in
unsupplemented control cells showed a more heterogeneous distribution than those grown in
presence of GlcNAc, up to six layers could be identified. These results suggest that changes in the
cell wall chitin-to-chitosan ratio stemming from increased chitosan contributions promote a more
uniform arrangement of the pigment within the cell wall.
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Figure 5. C. neoformans melanized cell-wall thickness is reduced by GlcNAc supplementation.
(a) Representative transmission electron micrographs of C. neoformans melanized cell sections
post-GlcNAc supplementation, showing layered (dash lines) melanin deposition on the cell wall
(CW) and capsule size (CP). (b) Measurement of melanized cell-wall and capsule thickness. On
the cell-wall panel (left), four asterisks indicate a significant difference (P<0.0001) between the
cell-wall thickness of the control and the GlcNAc-supplemented samples. On the capsule panel
(right), an asterisk indicates a significant difference (P<0.05) between the capsule thickness of the
control and the 5 mM GlcNAc-supplemented sample. Four asterisks indicate a significant
difference (P<0.0001) between the capsule thick- ness of the control and the 1 mM GlcNAcsupplemented sample. Scale bar, 200 nm. CY, cytoplasm.
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As noted above, we previously performed ssNMR measurements on C. neoformans
melanin "ghosts" and demonstrated that an aliphatic framework involving glucans, chitin and
“lipid-like” moieties serves as a structural scaffold for deposition of the L-DOPA-derived melanin
pigment (24). In the current work, we again employed this methodology for melanin ghosts
isolated from GlcNAc-supplemented cultures, using quantitatively reliable 13C DPMAS spectra to
estimate the relative amounts of indole-based pigment as compared with membrane and cell-wall
constituents. The shaded peak area corresponding to pigment aromatic moieties (110-160 ppm)
was increased dramatically relative to the total 13C NMR signal across the spectrum Figure 6A,
demonstrated quantitatively by marked increases in the relative aromatic content of both GlcNAcsupplemented samples Figure 6B. Concurrent estimates of melanin ghost dry weight with respect
to the wet cell pellets confirmed a higher yield for the 5 mM GlcNAc-supplemented sample Figure
6C. The spectra in Figure 6A are noteworthy because they show that the GlcNAc-supplemented
samples exhibit prominent aromatic spectral contributions within a very short timeframe (3 days)
compared with the 14-day melanization monitored in our earlier studies (24). Taken together, these
data demonstrated that GlcNAc supplementation promotes significant changes in the cell-wall
structure that favor greater melanin deposition in a condensed format, which could augment
isolation of the pigmented cellular materials (melanin ghosts).
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Figure 6. The melanin scaffold is altered by GlcNAc supplementation. (a) Representative 15 kHz
13

C NMR spectra of melanin ghosts from C. neoformans after GlcNAc supplementation showing

an increased signal intensity from the aromatic moieties (110–160 ppm shaded area). (b)
Quantitative measurement of the amount melanin in terms of the relative amount of indole-based
pigment compared with the membrane and cell-wall constituents, using the 13C direct-polarization
magic-angle spinning (DPMAS) technique. The data represent the mean of results from five
experimental trials. The error bars represent standard deviation. Each spectrum is normalized by
setting the largest peak to full scale. (c) Estimation of melanin ghost mass per cell pellet weight.
The data represent the mean of results from two experimental samples for each condition. The
error bars represent standard deviation. Two asterisks indicates a significant difference (P
value<0.01) between melanin ghost mass per cell pellet weight of the control and the 5mM
GlcNAc-supplemented sample.
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C. neoformans melanin biosynthesis is altered by GlcNAc supplementation. C. neoformans
pigment formation is catalyzed via laccase activity upon the provision of exogenous melanin
precursors, such L-DOPA (47). Thus far our data had indicated that GlcNAc supplementation both
augments the chitin-to-chitosan ratio and also promotes the retention of pigment in melanin ghosts.
To investigate the causality between changes witnessed in the cell-wall scaffold and melanin
deposition, we measured the activity of laccase (48) from non-melanized and melanized GlcNAcsupplemented cells. In addition, we qualitatively monitored the rate of melanin production via
colony-darkening in GlcNAc-supplemented cells that were plated on solid MM with L-DOPA at
30 ˚C. Prior to melanization, both 1 and 5 mM-supplemented cells were found to have depressed
laccase activity in comparison to non-supplemented control cells Figure 7A; 5 mM GlcNAcsupplemented cells in particular showed a significant difference in laccase activity, and also
displayed a delayed rate of colony darkening at 48 h, which was not evident at a later time point
Figure 7B. Post-melanization cells from both GlcNAc-supplemented cultures showed higher
laccase activity than cells from control cultures Figure 7C. These data support the modest reduction
in the aromatic pigment content reported for the 5 mM sample by our NMR analysis Figure 6B,
and suggest that at this level of supplementation, GlcNAc is in excess such that it functions as a
nutrient source and modulates laccase activity as has been reported for glucose (49). Taken
together, our analyses demonstrated that GlcNAc supplementation impacts C. neoformans
melanogenesis; This prompted us to establish the physiological relevance of these findings by
probing the susceptibility of melanized GlcNAc-supplemented cells to H2O2 and NaNO2. At both
levels of GlcNAc-supplementation, cells showed an overall increase in protection from oxidative
and nitrosative damage. No significant differences were seen in comparison to control melanized
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cells, indicating that melanized cell-wall changes due to the GlcNAc supplementation do not
jeopardize fungal viability (data not shown).

Figure 7. C. neoformans melanin biosynthesis is altered by GlcNAc supplementation. (a) Laccase
activity of C. neoformans cells post-GlcNAc supplementation, demonstrating inhibition of the
enzymatic activity on supplemented cells in comparison to control. The data represent the mean
of results from one experimental trial in triplicate. The error bars represent standard deviation. A
significant difference (P<0.05) between the laccase activity of the control and the 5 mM GlcNAcsupplemented sample is indicated with one asterisk. (b) Rate of colony darkening after cells were
grown in media supplemented with different GlcNAc concentrations or without it, showing that
5mM GlcNAc-supplemented cells have a noticeable delayed effect on melanin production at 48h.
A 3μl drop of each culture adjusted to 106 cells/mL was spotted on MM with L-DOPA agar at
30 ̊C. Melanin production was monitored every 24 h. These results are representative of two
independent experiments. (c) Laccase activity of C. neoformans cells after melanization for 72 h,
showing that both GlcNAc-supplemented cells displayed increased enzymatic activity in
comparison to non-supplemented melanized control cells. The data represent the mean of results
from two independent runs, with each sample analyzed in duplicate. The error bars represent
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standard deviation. Two asterisks represent a significant difference (P<0.05) between the laccase
activity of the control and that of the 1 mM GlcNAc-supplemented sample.

GlcNAc supplementation affected additional changes in phenotype and susceptibility to
antifungal drugs. Recent studies in C. albicans demonstrated that growth on alternative carbon
sources have a major impact on the fungal cell-wall architecture and drug resistance, thusly
promoting its adaptation to dynamic changes in the environment (50, 51). In light of C.
neoformans’ ability to use GlcNAc as an alternative energy source and reports that this
monosaccharide is involved in fungal and plant cells signaling (52, 53), cells grown in GlcNAcsupplemented media were challenged with diverse stress factors and assessed for in vitro
phenotypes. Light microscopy with India ink counterstaining, complementing the TEM findings
above, was used to monitor changes in cell body morphology and capsule size Figs. 8A,B. In the
conditions tested, both concentrations of GlcNAc supplementation yielded cells with reduced body
size in comparison to unsupplemented control cells, and those grown with 5 mM GlcNAc also
manifested larger capsule diameters. However, when GlcNAc supplementation was extended from
4 to 8 days (Figure S2), the cell-body size of 1 mM-supplemented cells increased, while no
differences were seen in the capsule diameter at any GlcNAc concentration in comparison to the
control cells.

67

Figure 8. GlcNAc supplementation leads to changes in C. neoformans cell morphology. (a)
Representative images of C. neoformans with India ink counterstaining post-GlcNAc
supplementation (at a magnification of

1000). Scale bar, 10 μm. (b) The morphology data show

the mean of measurements for 100 cells per condition in three independent experiments for a total
of 300 cells. The error bars represent standard deviations. An asterisk indicates a significant
difference (P-value <0.05) between the cell-body radius of the control and the 1 mM GlcNAcsupplemented sample. Two asterisks indicate a significant difference (P-value <0.005) between
the cell body radius of the control and the 5 mM GlcNAc-supplemented sample. Four asterisks
indicate a significant difference (P-value <0.0001) between the capsule radius of the control and
the 5 mM GlcNAc-supplemented sample.
Phenotypic variations of C. neoformans cells such as augmented cell-wall and capsular
polysaccharide thickness are associated with reduced susceptibility to antifungal drugs, possibly
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due to insufficient drug access (54-56). Consequently, we tested whether GlcNAc supplementation
affected C. neoformans susceptibility to drugs that target cell wall components (chitin and ß-1,3glucan) and the plasma membrane (ergosterol). Congruent to the increased cell wall and/or capsule
thickness previously noted for the supplemented cells, GlcNAc-supplemented cells were less
susceptible to fluconazole and voriconazole (Figure 9). These drugs are major azole-type
antifungals used in therapy against C. neoformans that result in the depletion of ergosterol.
However, no changes were evident in the susceptibility to nikkomycin nor caspofungin, which
target cell wall chitin and ß-1,3-glucans, respectively. Finally, we evaluated the sensitivity of
GlcNAc-supplemented cells to cell-wall integrity (CWI) stressors (0.5 mg/ml Caffeine, 1.5 mg/ml
Calcofluor White, 0.5% Congo Red, and 1.5 M NaCl) and the ability to produce and retain melanin
pigments at 30 ºC. Caffeine is broadly used to probe signal transduction and CWI phenotypes;
Calcofluor white binds to chitin and to a lesser extent to glucan, thus disrupting the assembly of
chitin microfibrils; Congo red inhibits microfibril assembly in compromised cells; NaCl tests
fungal response to osmotic conditions (57). None of these compounds produced growth defects or
cell death. Finally, we tested the sensitivity of GlcNAc-supplemented cells to the development of
a leaky melanin phenotype, finding none (data not shown).
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Figure 9. C. neoformans shows increased azole resistance post-GlcNAc supplementation. C.
neoformans cells post-GlcNAc supplementation were tested for antifungal susceptibility
(minimum inhibitory concentration) using a microdilution protocol at 37 °C, with 180 rpm shaking
for 48 h. Growth density was measured at 492 nm. The data represent the mean of results from
two to three experimental trials. On the voriconazole panel (top right), two asterisks indicates a
significant difference (P-value <0.001) between the MIC 50 of the control and 5 mM supplemented
samples, three asterisks indicates a significant difference (P-value ≤0.0005) between the MIC 50
of the control and the 1 mM-supplemented sample. On the fluconazole panel (bottom left), three
asterisks indicates a significant difference (P-value ≤0.0005) between the MIC 50 of the control
and the 5 mM-supplemented samples.
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DISCUSSION
Fungi can inhabit a wide variety of environments, from terrestrial surroundings such as
mine drainages, bird excreta, hydrothermal vents, and the arctic, to isolated locations such as the
International Space Station. C. neoformans is an environmental organism that requires no human
or other metazoan host to survive (58). Indeed, it is a saprophytic fungus that has evolved to sustain
its life cycle within varied ecological niches that include soils and trees. C. neoformans is
continuously exposed to a wide variety of abiotic and biotic stresses including fluctuations in
temperature, nutrient limitations, pH, osmolarity, and exposure to reactive oxygen and nitrogen
species (59). It is anticipated, then, that this fungus can sense and respond to stresses through a
complex network of signal transduction pathways, resulting in altered gene expression that enables
the C. neoformans cell to adapt and withstand the adverse environment.
An essential structural adaptation that protects the fungus against hostile environments is
exemplified by the cell wall, a complex and dynamic composite of various structural
polysaccharides including chitin. Chitin is the second most abundant polymer in nature after
cellulose; it serves as the primary constituent of various cellular load-bearing structures and
contributes significantly to fungal cell-wall strength and integrity (14, 60). The key building block
of chitin polymers is the amino sugar N-acetylglucosamine (GlcNAc), which can also modify the
cell-wall surface via N-linked glycosylation and synthesis of GPI anchors. Recent studies have
revealed an additional role for GlcNAc as an activator and mediator of cellular signaling [reviewed
by (61)].
Whereas the current work focused principally on the effects of GlcNAc supplementation
on C. neoformans cell-wall structure, we also investigated the role of this amino sugar as an
alternative energy source. Precedent for such a role is provided by the uptake of GlcNAc in the
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model organism C. albicans, which induces a morphological transition to the virulence-associated
hyphal state (62). Moreover, this process is thought to be mediated by up-regulation of catabolic
genes in the "NAG regulon," which includes a GlcNAc-specific deaminase (NAG1), deacetylase
(NAG2/DAC1) and kinase (NAG5/HXK1) (63, 64). Hence, the induction of morphological changes
and associated pathogenicity in C. albicans are linked with the use of this amino sugar as an
alternative fuel. The current work demonstrates that C. neoformans is also capable of metabolizing
GlcNAc: this substrate can serve as both a carbon and nitrogen source in the absence of other
nutrients. Since C. neoformans encodes orthologs of GlcNAc deacetylase (NAG2) and kinase
(NAG5), it is then plausible that up-regulation of these genes promotes pathogenicity in this
organism (65).
We also hypothesized that the presence of the exogenous GlcNAc substrate could be
interpreted by the cells as a surplus of chitin polymer “building-blocks,” promoting biosynthesis
and possibly also encouraging deacetylation to form chitosan. Alternatively, GlcNAc could be
viewed as a product of chitin degradation, which has been reported to regulate some steps in chitin
catabolism for C. neoformans grown in rich media (65). The relevant steps are catalyzed by four
endochitinases (CHI2, CHI21, CHI22 and CHI4), and one exochitinase (HEX1), the last of which
is a hexosaminidase responsible for liberating GlcNAc monomers from the non-reducing end of
chitin. When cells were cultured in nutrient-rich YP media prepared with 0.9 mM GlcNAc as the
sole carbon source, Baker, et al. (65) found that endochitinase gene transcription was unaffected
while HEX1 expression was increased sevenfold.
Previous work performed in C. albicans using GlcNAc as the sole carbon source, revealed
that this monosaccharide induces cell death by acting as a signaling molecule able to regulate
multiple pathways including its own catabolism (52). In the current study, C. neoformans grown
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in MM showed a higher cell-wall content of chitin compared with chitosan, opposite to the
relationship witnessed for cells cultured in nutrient-rich YPD media. Using chemically defined
MM as a base formula for GlcNAc enrichment, we found that incrementally increasing the
GlcNAc concentration yielded cells with increased chitosan content but relatively unaltered
amounts of chitin. Furthermore, we demonstrated that C. neoformans cells do use exogenous
GlcNAc as a building block for the cell-wall, namely for the production of chitin and chitosan.
However, we did not directly test the potential for GlcNAc to act as a signaling molecule. Thus,
we cannot exclude the possibility that the aforementioned cell wall changes are due in part due to
signaling processes in addition to being reflective of GlcNAc's role as a chitin/chitosan precursor.
Baker et al. (65) observed C. neoformans retention of cell-wall remodeling capabilities in
a panel of chitinase deletion strains, implying that in this fungus the required changes in cell-wall
flexibility and fluidity can occur even without degradation of the biopolymer. The remodeling
process should allow for localized expansion of the lateral cell wall, accounting for the observed
preservation of mother-daughter cell separation during vegetative growth even when chitinase
activity is absent. Thus, these authors proposed an alternative route to reduced chitin content via
deacetylation to form chitosan. Our observation of 5 mM GlcNAc-supplemented cells displaying
increased chitosan content and a diminished chitin-to-chitosan ratio, but no defects in motherdaughter cell separation, then bolsters the argument that C. neoformans can use deacetylation to
alter cell-wall composition without hydrolyzing the chitin polymer.
The changes in chitin-to-chitosan ratio witnessed upon GlcNAc supplementation were
observed in concert with significant alterations in C. neoformans cell-wall and capsule
morphology. Specifically, our TEM and light microscopy data revealed that cells cultured in 5 mM
supplemented media display thicker cell walls and larger capsules than when grown in MM alone.
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Numerical discrepancies in the measured capsule size by TEM and light microscopy were expected
in view of the highly hydrophilic nature of the capsular polysaccharide, a structure greatly
vulnerable to dehydration steps with alcohol during sample preparation (66). Cell-wall
polysaccharide quantitation revealed that these cells also produce relatively less chitin (a
crystalline-like polymer) and significantly more chitosan (an inherently disordered and flexible
material). The increased cell-wall thickness exhibited by supplemented cells could then be
attributed to a reduced content of those polysaccharides that can form tightly packed structures.
Notably, these supplemented samples demonstrated increased resistance to azole-class
drugs, which we can attribute to enlargement of the cell wall and capsular diameter as proposed
previously (54-56). The azole derivatives voriconazole and fluconazole used to challenge the
GlcNAc-supplemented cells exert their antifungal effects by inhibiting an intracellularly localized
protein essential for sterol metabolism, lanosterol 14α-demethylase (67). Thus, a thickened cell
wall and enlarged capsule polysaccharide could conceivably prevent the drugs from reaching their
target. No reduction in susceptibility was found for nikkomycin or caspofungin, which is
unsurprising given that their targets are cell-wall localized and thus only the capsule needs to be
traversed for drug interaction to occur. Alternatively, changes in polysaccharide composition
associated with GlcNAc supplementation could produce differential antifungal drug susceptibility
by altering the fluidity or flexibility of the cell wall and capsule matrix. Taken together, the
morphological changes and differential drug susceptibility witnessed for GlcNAc-supplemented
C. neoformans cells highlight the ability of this fungus to dynamically adapt to changes in nutrient
status by modulating its capsular and cell-wall architectures.
How do the cell-wall properties impact melanization that is linked to fungal virulence?
Prior studies have shown that chitosan deficiency in C. neoformans compromises the ability of the
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fungal cells to retain melanin pigments, suggesting that this biopolymer is an indispensable
element of the cryptococcal cell-wall scaffold that permits melanization (18, 19). Our work using
advanced NMR and imaging techniques supports this hypothesis: i) a chemically resistant aliphatic
matrix serves as a supporting scaffold that fosters eumelanin buildup [reviewed by (68)]; ii) cell
walls become thicker in melanized C. neoformans cells (69); and iii) the number of melanin layers
translates into cell-wall thickness, which increases with the age of the cells (69, 70). Though a
chitosan-poor semicrystalline scaffold could arguably be a suboptimal support structure for
melanin pigment deposition, the prior observations leave open the role of chitin-to-chitosan ratio
on the regulation of melanin production and deposition.
Chitin is a neutrally charged, highly hydrophobic, inelastic polysaccharide that is found in
the exoskeleton as well as the internal structures of invertebrates (71). In contrast to chitin and
other naturally occurring neutral or acidic polysaccharides such as cellulose or dextran, chitosan
is a highly basic polycation [reviewed by (60)]; it dissolves in weak acids and displays
mucoadhesive properties that make it a potential carrier for diverse therapeutic agents [reviewed
in (72)]. Chitosan’s highly cohesive nature has been attributed to electrostatic interactions (ionic
crosslinking) between its positively charged backbone amine groups and the negative surface
moieties displayed by lipids, proteins, or polyanionic polymers (73). C. neoformans melanin is
also negatively charged (74); moreover it is synthesized by laccase-mediated conversion of
catechols to o-quinones [reviewed in (23, 75)] that are capable of covalent cross-linking to chitosan
amines (76). These properties inform the current studies, which revealed significant reductions in
cell diameter and a tightly condensed pattern of pigment deposition in melanized cell walls from
GlcNAc-supplemented cultures. Our interpretation of these findings is that the increase of cellwall chitosan content associated with GlcNAc supplementation promotes robust and uniform
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melanin deposition. The condensed arrangement of the pigment within the cell wall could be a
consequence of enhanced chitosan-melanin electrostatic interactions and/or melanin covalent
anchoring to chitosan, mediated by laccase enzymatic activity.
Finally, the finding that GlcNAc can be metabolized by C. neoformans and used as a sole
nitrogen source makes possible future solid-state NMR studies to dissect melanin structure and its
molecular interaction with cell-wall components, particularly chitin and chitosan. These
polysaccharides can be distinguished by their nitrogen spectroscopic signatures in fungal cell-wall
complexes (native or modified). Therefore, using an L-DOPA melanization precursor with
nitrogen in natural abundance along with 15N-enriched GlcNAc could reveal the chitin amide and
chitosan amine contributions in C. neoformans melanin ghosts. Needless to say, the usefulness of
this approach will require rigorous validation because GlcNAc supplementation has protean
concentration-dependent effects on the cell wall and melanin: a direct precursor for chitin and
chitosan, a possible effector of cellular signaling, a nutritional feedstock that alters the metabolic
state of the cell. Given the difficulties inherent in studying complex amorphous structures such as
melanin and cell walls, and their interactions, an approach via GlcNAc supplementation that allows
their perturbation and modification is welcome as a potential new tool in the very limited analytical
kit that is currently available.

MATERIALS AND METHODS
Fungal strains and culture conditions
C. neoformans serotype A strain H99 (ATCC 208821) and Candida albicans (ATCC MYA-2876)
were used in this study. Sabouraud dextrose broth medium was used for standard growth of yeast
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cells at 30 ºC with moderate shaking (120 rpm). Yeast cells were kept frozen in glycerol and
subcultured at the time of the experiment.

GlcNAc supplementation
C. neoformans yeast cells were grown from glycerol stocks in Sabouraud dextrose broth for 48 h
at 30 ºC. Yeast cells were washed 3 times with phosphate-buffered saline (PBS, pH 7.4), counted
using a hemocytometer, and adjusted to a cell concentration of 1 x 107 cell/ml in minimal media
(MM) (29.4 mM KH2PO4, 10 mM MgSO4, 13 mM glycine, 3 µM thiamine, 15 mM glucose, pH
5.5). For supplementation studies, individual 100-ml cultures were grown in MM supplemented
with 1.0 and 5.0 mM GlcNAc (Sigma-Aldrich) conducted at 30 ºC and 120 rpm for 96 h. PostGlcNAc supplementation, one milliliter aliquots of each culture were taken for morphological
measurements and antifungal susceptibility testing. Then, powdered L-DOPA (Sigma-Aldrich)
was added to each culture at a concentration of 1 mM; further incubation was conducted at 30 ºC
and 120 rpm for 72 h in darkness. Post-melanization, one milliliter aliquots of each culture were
collected for further morphological analyses by transmission electron microscopy (TEM). A nonsupplemented culture served as a control. To verify the monosaccharide incorporation into the cellwall, 15N-enriched GlcNAc (Cat N˚ GLC-003, Omicron Biochemicals Inc, USA) was substituted
in supplementation cultures. As a control, culture without the 15N-enriched supplement were also
prepared.

Cell-wall staining and microscopy
Post-GlcNAc supplementation in MM, two separate aliquots of each culture were taken for
qualitative estimation of cell-wall chitin and chitosan using Uvitex 2B (Polysciences Inc) and
Eosin Y (Sigma-Aldrich), respectively. For Uvitex 2B staining, cells were pelleted and washed
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three times with 1 ml of PBS (pH 7.4). Pellet was resuspended in 1 ml of PBS and stained with 5
µl of Uvitex 2B (stock 20 mg/ml). Cells were incubated at room temperature in the dark for 10
min. Excess dye was removed by two washes with 1 ml of PBS and resuspended in PBS. Cells
were examined with an Olympus AX70 microscope (Olympus America, NY) by using a DAPI
(4’,6’-diamidino-2-phenyl-indole) filter and a 100X objective with oil immersion. Eosin Y staining
was performed following the protocol described by Baker et al. (19). Cells were examined with an
Olympus AX70 microscope by using a fluorescein isothiocyanate filter and a 100X objective with
oil immersion. Images were taken with a digital camera using QCapture V29.13 software for
Windows and analyzed with ImageJ software (33).

Cell-wall chitin and chitosan content
To measure the chitin and chitosan cell-wall content, 30-ml aliquots of each culture were taken
after 96 h of GlcNAc supplementation. Cells were collected by centrifugation at 4,700 rpm for 15
min, washed once with distilled water, frozen overnight and lyophilized for 24 h. The dry weight
of each sample was determined (typically 30 to 40 mg); the samples were then resuspended in 10
ml of 6% KOH and extracted at 80 ºC for 90 min to remove cellular proteins. The resultant cell
matter was washed twice with PBS (pH 7.0), twice with distilled water, and then resuspended in
distilled water to a final concentration of 10 mg/ml. Using 2-ml microcentrifuge tubes, two 100µl aliquots (equivalent to 1 mg dry weight) of each cell suspension were used for hexosamine
determination according to the method of Smith & Gilkerson (34). One aliquot was subjected to
deacetylation with 0.5 M HCl in a heating block at 110 ºC for 2 h prior to the colorimetric reaction
to account for the total amount of glucosamine stemming from chitin plus chitosan; the second
aliquot was not heated in order to measure only chitosan-derived glucosamine residues. Chitin
content was calculated by substracting measurements from these two aliquots. Each aliquot was
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then subjected to a colorimetric reaction that was highly specific for hexosamines (amino sugars),
in which treatment with 3-methyl-2-benzothiazolone hydrazine hydrochloride (MBTH, SigmaAldrich) under mildly acidic conditions was used to measure glucosamine. A 200-µl aliquot from
each sample was transferred to a 96-well plate and the absorbance at 650 nm was recorded.
Concentrations were determined by comparison to a standard curve prepared from a 1 mM GlcNAc
stock (Sigma-Aldrich), ranging from 0 to 100 nmol. Because Candida albicans does not code for
the proteins necessary to produce chitosan, a 30-ml culture of yeast cells grown in Sabouraud
dextrose broth medium was also analyzed as an internal control (35).

Cell body and capsule size
A 1-ml aliquot of each C. neoformans culture was pelleted to collect the yeast cells, washed three
times with PBS (pH 7.4) and suspended in India ink (Remel Bactidrop, Lenexa, KS, USA). Slides
were viewed with an Olympus AX70 microscope (Olympus America, NY) using a 100x objective
with oil immersion. Images were taken with a digital camera using QCapture V29.13 software for
Windows and analyzed with ImageJ software (33). Cell size was defined as the diameter of the
complete cell including the capsule. Capsule size was calculated as the difference between the
diameter of the total cell and the cell body diameter, demarcated by the cell wall. Each
measurement was repeated for 100 cells per condition in three independent experiments.

Laccase activity
Laccase activity was measured following the protocol previously described by Garcia-Rodas et al
(36). Briefly, 10-ml aliquots were obtained from GlcNAc-supplemented cultures both prior to and
after melanization. Cells were collected by centrifugation, resuspended in 2-ml of PBS and divided
in two equal fractions per sample. As a control, enzymatic activity was inactivated in one fraction
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by incubation with 5% ß-mercaptoethanol for 2 h at 37˚C. Both fractions were transferred to 2 mltubes containing 1-mm silica spheres (Lysing Matrix C, MP Biomedicals, USA) and disrupted
using a Fast Prep homegeneizer (FP120, Thermo Savant). Cell lysis involved performing 4 cycles
(speed 6 for 30 sec) with intervals of 4 min on ice. The cellular mixture was centrifuged at 13,800
rpm for 10 min at 4˚C. Supernatants were transferred into new tubes and stored at 4˚C until
enzymatic determination and protein measurement were performed. To quantify laccase activity,
100-µl of each sample was placed in a 96-well clear flat-bottom plate followed by the addition of
7-µl of 20 mM L-DOPA. The reaction was incubated at 30˚C for 18 h in a SpectraMax M2
microplate reader (Molecular Devices, USA). Optical density was measured at 450 nm every 15
min; settings included moderate shaking 15 sec before each reading was recorded. Protein
concentration of the extracts was determined with the bicinchoninic acid method using the micro
BCATM Protein assay kit (Cat N˚ 23235, Thermo Scientific). Specific activity was expressed as
mUAbs/min/µg protein.

Rate of colony darkening
Cells from GlcNAc-supplemented C. neoformans cultures were collected by centrifugation,
washed three times with PBS, adjusted to 1 x 107 cell/ml in PBS, and 10-fold dilutions were made.
For each level of GlcNAc supplementation, 3-µl from each of the 10-fold dilutions were spotted
on solid MM containing L-DOPA. Plates were incubated at 30 ˚C and pictures were taken daily in
order to monitor melanin production.

Susceptibility to oxidative and nitrosative stress
The response of melanized C. neoformans cells to oxidative and nitrosative stress was assesed post
GlcNAc-supplementation also using an adapted protocol (36, 37). After 72 h of melanization, cells
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from 2-ml aliquots of each C. neoformans culture were collected by centrigution, washed twice
with and resuspended in PBS, and adjusted to a final density of 2 × 103 cells/ml. In separate tubes,
hydrogen peroxide (H2O2) (Sigma Cat N˚ 216763) or sodium nitrite (NaNO2) were added to each
cell suspension to final concentrations of 0.5, 1, or 2 mM and 2, 4, or 8 mM, respectively. The
tubes were then incubated at 30˚C for 1 h. Samples without treatment were incubated in parallel
as controls. Next, 50-µl from each cell suspension was plated on YPD plates. After incubation at
30˚C for 2 days, the number of colony-forming units (CFUs) were counted and viability was
calculated as the percentage of colonies obtained in treated samples in comparison to untreated
controls. Non-melanized cells with and without treatment were included as internal controls.

Melanin isolation
Melanin isolation was performed as described by Chatterjee et al. (26). This multi-step procedure,
which includes the enzymatic digestion of cell-wall components, protein denaturation and
subsequent degradation, dilipidation, and acid hydrolysis, results in solid yeast-shaped particles
lacking all capsule and internal structures, which are customarily designated as “melanin ghosts.”
The dry weight of the ghosts isolated from each GlcNAc-supplemented culture was determined
and compared to the wet weight of pelleted melanized cells used as initial material for the isolation
protocol. All samples were processed in an identical fashion, and thus the residual water content
of the cell pellets was considered to be equivalent.

In vitro antifungal drug susceptibility of Cryptococcus neoformans
C. neoformans supplemented with GlcNAc was grown as described above. Stock solutions of four
drugs were prepared at 10,000 μg/ml in dimethyl sulfoxide (DMSO, Fisher Scientific). Aliquots
consisting of 100 μl of the working antifungal solutions were inoculated into 96-well round-bottom
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microtiter plates, followed by 100 μl of the cellular inoculum suspension. The drugs used were
nikkomycin, voriconazole, fluconazole and caspofungin (Sigma-Aldrich). When combined with
the inoculum suspension, the final concentrations ranged from 100 to 0.78 μg/ml. Growth and
sterility controls were included for each isolate tested, and we used Candida albicans SC5314
as a reference quality control strain in every batch. The microdilution plates were incubated at 37
°C and 180 rpm for 48 h to determine the minimum inhibitory concentration (MIC). The plates
were analyzed by measuring the absorbance at 492 nm using a spectrophotometer (Genesys 10uv,
Spectronic Unicam, Rochester, NY, USA). Antifungal susceptibility testing was performed
according to the Clinical and Laboratory Standards Institute guidelines contained in the M38-A2
document and EUCAST protocol.

Solid-state nuclear magnetic resonance (ssNMR) spectroscopy
Solid-state NMR spectra were acquired on a Varian (Agilent) DirectDrive2 (DD2) spectrometer
operating at a resonance frequency of 600 MHz for 1H and equipped with a 1.6 mm FastMAS
probe (Agilent Technologies, Santa Clara, CA, USA). All measurements were carried out at a
magic-angle spinning (MAS) rate of 15.00 ± 0.02 kHz and a nominal spectrometer-set temperature
of 25 °C. To determiune the fate of exogenous GlcNAc provided in culure media,

15

N cross-

polarization (CPMAS) experiments were performed on ~4-6 mg of alkaline-extracted lyophilized
cell-wall material isolated from C. neoformans cells supplemented with

15

N-enriched GlcNAc.

The typical 90° pulse lengths were 1.6 and 2.9 μs for 1H and 15N, respectively. Heteronuclear 1H
decoupling with a field strength of 78 kHz was applied using the SPINAL method (38). As
controls, samples of

15

N-GlcNAc standard (starting material) and alkaline-extracted cell-wall

material isolated from a culture with no GlcNAc supplementation were also analyzed. To estimate
the relative amounts of melanized carbon-containing moieties in GlcNAc-supplemented cells, 13C
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direct polarization (DPMAS) experiments were performed on ~5-8 mg of melanin ghosts. The
typical 90° pulse lengths were 1.2 and 1.4 μs for 1H and

13

C, respectively. Heteronuclear 1H

decoupling with a field strength of 78 kHz was applied using the SPINAL method. Long recycle
delays (50 s) were implemented to obtain quantitatively reliable peak intensities that allowed
integration of defined spectral regions using the GNU image manipulation program (GIMP).

Transmission Electron Microscopy (TEM)
Aliquots of C. neoformans supplemented with GlcNAc before and after melanization were fixed
with 2.5% (v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer. The cells were treated with
osmium tetraoxide and serially dehydrated. Samples were embedded in epoxy resin and ultrathin
sections were obtained, stained with uranyl acetate and lead citrate, and observed with a
Philips/FEI Bio Twin CM120 transmission electron microscope. Average cell wall thickness and
capsule size were obtained with ImageJ software (Fiji) (33) by measuring 7-10 cells per condition
(5 measurements per cell).

Statistical Analyses
Statistical analyses were performed using GraphPad Prism version 6.00 for Mac OS X (GraphPad
Software, San Diego CA). Chitin and chitosan data from MBTH assays were analyzed using a
two-way analysis of variance (ANOVA) test with a Bonferroni post hoc test. Morphological
measurements with light microscopy were analyzed using one-way ANOVA and Tukey’s multiple
comparison test, whereas data adquired from TEM micrographs were analyzed using a KruskalWallis non-parametric test. Antifungal susceptibility screens were analyzed using a two-way
ANOVA and Bonferroni post-test. The 90–95% confidence interval was determined for each set
of results.
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The melanization road more traveled by:
precursor substrate effects on melanin synthesis in cell-free and fungal cell systems

ABSTRACT
Natural brown–black eumelanin pigments confer structural coloration in animals and potently
block ionizing radiation and antifungal drugs. These functions also make them attractive for
bioinspired materials design, including coating materials for drug-delivery vehicles, strengthening
agents for adhesive hydrogel materials, and free-radical scavengers for soil remediation.
Nonetheless, the molecular determinants of the melanin ‘developmental road traveled’ and the
resulting architectural features have remained uncertain because of the insoluble, heterogeneous,
and amorphous characteristics of these complex polymeric assemblies. Here, we used 2D solidstate NMR, EPR, and dynamic nuclear polarization (DNP) spectroscopic techniques, assisted in
some instances by the use of isotopically enriched precursors, to address several open questions
regarding the molecular structures and associated functions of eumelanin. Our findings uncovered
(1) that the identity of the available catecholamine precursor alters the structure of melanin
pigments produced either in Cryptococcus neoformans fungal cells or under cell-free conditions;
(2) that the identity of the available precursor alters the scaffold organization and membrane lipid
content of melanized fungal cells; (3) that the fungal cells are melanized preferentially by an Ldopa precursor; (4) and that the macromolecular carbon- and nitrogen-based architecture of cellfree L-dopa and fungal dopamine melanins includes indole, pyrrole, indolequinone, and openchain building blocks that develop depending on reaction time. In conclusion, the availability of
catecholamine precursors plays an important role in eumelanin development by affecting the
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efficacy of pigment formation, the melanin molecular structure, and its underlying scaffold in
fungal systems.

INTRODUCTION
The diverse functional capabilities associated with natural brown-black eumelanin
pigments range from structural coloration of bird feathers, to blockage of ionizing radiation and
antifungal drugs, to energy transduction (1-3). These functions also make melanin-like polymer
composites and structurally related polydopamines attractive platforms for bio-inspired materials
design, where their applications include coatings for drug delivery vehicles and free radical
scavengers for soil remediation (2,4-7). Despite the evident versatility and practical importance of
these materials, the molecular bases of melanin development and architecture have remained
uncertain because of their insoluble, heterogeneous, and amorphous character.
Recent progress towards the understanding of eumelanin structure has exploited
approaches that include magnetic resonance spectroscopy, stable isotope enrichment,
computational modeling and controlled chemical reactions to lay the groundwork for the current
report: (1) eumelanin pigments synthesized within Cryptococcus neoformans (CN) fungal cells
differ in molecular structure based on the availability of particular obligatory exogenous
catecholamine precursors (8,9); (2) the layered deposition of CN melanins relies upon a
polysaccharide cell-wall scaffold (3,10-12); (3) eumelanin pigments derived from cell-free or CNbased synthesis display a common indole-based aromatic core (13); (4) varying proportions of
building block structures such as 5,6-dihydroxyindole (DHI), 5,6-dihydroxyindole-2-carboxylic
acid (DHICA), pyrrolecarboxylic acid, and uncyclized catecholamines can influence synthetic
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polydopamine and related supramolecular architectures along with their consequent optical and
conductive properties (14-16).
C. neoformans melanizes in brain tissue during human infection, but the actual substrates
for melanin synthesis are not known (17). Since brain tissues are rich in catecholamines (18), the
presumption in the field is that they serve as the substrates for melanization (19). In fact, given
that C. neoformans can use different substrates for melanization and that the brain contains
different catecholamines, it is possible that multiple precursors are used in this process.
Melanization in brain tissue has been proposed as a cause for reduced susceptibility to antifungal
drugs, which could contribute to the difficulty in treating infection (20). Hence, it is important to
study melanization with different precursors to gain insight into possible pathways to melanin
synthesis in brain tissue.
Herein we use solid-state nuclear magnetic resonance (NMR), electron paramagnetic
resonance (EPR), and dynamic nuclear polarization (DNP) methods to address the following open
questions involving eumelanin molecular structure: (1) does the catecholamine precursor structure
also control melanin product outcomes during cell-free synthesis? (2) does the availability of
particular precursors impact the polysaccharide and lipid organization of the melanized fungal cellwall scaffold? (3) which catecholamines are the preferred biosynthetic precursors for melanization
of CN cells? (4) which melanin building blocks and macromolecular organization can be identified
as a function of reaction time in a cell-free system? With due apology to Robert Frost for adapting
the title of his epic poem, the current work seeks to explore The Melanization Road More Traveled
by (21).

RESULTS AND DISCUSSION
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Precursor identity alters pigment structure in cell-free as well as fungal melanization. Given
our prior observations of structurally diverse melanized cell-wall materials (‘ghosts’) formed after
provision of various obligatory exogenous catecholamine precursors to Cryptococcus neoformans
(CN) fungal cells (8, 9), we sought to distinguish several explanations for their differences in
biosynthesis and macromolecular structure. These include the ability of the cell-wall scaffold to
host the deposition of melanin pigments derived from each precursor, the intrinsically different
polymerization pathways for the respective monomers, and some combination of these two
rationales. Beginning with the L-dopa, methyl-L-dopa, (-)-norepinephrine (NorE), and (-)epinephrine catecholamine precursors studied previously in this fungal system, the solid-state 13C
NMR spectroscopic fingerprints of the starting materials and their respective insoluble solid
products are compared in Figure 1.

Figure 1. Clockwise from upper left are shown the 150 MHz solid-state CPMAS 13C NMR spectra
of

catecholamine

precursors,

the

corresponding

melanins

obtained

by

cell-free

autopolymerization, the corresponding melanin ghosts obtained by fungal biosynthesis, and the
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proposed structural intermediates in the conversion of L-dopa to a melanin pigment. C. neoformans
melanin spectra and the proposed synthetic scheme are adapted from (9). Each chemical
constituent contains the 13C isotope at natural abundance (1.1%).
As expected in conjunction with the formation of polymeric assemblies, the

13

C cross

polarization – magic-angle spinning (CPMAS) spectra of the resulting (bio)synthetic pigments
displayed altered resonance positions and linewidths as compared with their respective smallmolecule precursors. Although the structurally disordered amorphous melanin ghosts formed in
both CN fungal cells and cell-free systems had typically broad resonances (9, 10, 18), we could
nonetheless identify NMR signals attributable to carboxylate or amide structures (170-173 ppm),
arenes and alkenes (110-160 ppm), alkoxy groups of the polysaccharide cell wall (55-105 ppm),
and alkyl chains (20-40 ppm) (11).
Comparison of the products from cell-free and fungal melanin preparations revealed both
commonalities and contrasts. Whereas the catecholamine precursors each had sharp

13

C NMR

spectral lines typical of crystalline solids, both the amorphous polymers resulting from
autopolymerization and the C. neoformans melanin ghosts displayed broader features in the
aromatic and aliphatic regions of their spectra. This common spectral appearance underscores the
amorphous character of the solid aromatic melanin pigments and the melanized aliphatic cell walls
that are formed by either synthetic method, regardless of whether enzymes or supporting scaffolds
are present. We attribute the very broad aromatic spectral envelope of the pigment (110-160 ppm)
to resonance overlap (chemical shift heterogeneity) rather than spin relaxation effects due to
proximity to the free radicals present in these melanin samples (see EPR below), as many of the
NMR resonances are better resolved in selectively 13C-labeled materials and with the benefit of
two-dimensional NMR experiments (10, 11, 22, 23). Specifically, the broad appearance of
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aromatic resonances in the

13

C spectra can reflect slightly dissimilar dihydroxyindole (DHI),

dihydroxyindole-2-carboxylic acid (DHICA), and other possible structural building blocks;
diverse inter-unit covalent connections; and/or heterogeneously aligned stacking of successive
pigment layers (14).
Each of the purified melanins also displayed notable aliphatic signals in the 20-40 and 5575 ppm regions of their spectra. These features differ from spectra of the respective catecholamine
precursors. Although the 30- and 72-ppm resonances of the fungal melanin preparations, for
instance, could be derived from cell-membrane and cell-wall constituents in the melanin particles,
this explanation cannot account for the same or similar features in spectra of the corresponding
cell-free preparations. An alternative hypothesis that encompasses both preparation methods and
has been proposed by our group for C. neoformans melanins (9, 22) in analogy with
polydopamines (16) views the aliphatic structures as precursor moieties that remain uncyclized or
partially polymerized while nonetheless forming covalently bound polymers that can resist our
exhaustive chemical and biochemical isolation protocol. This proposal of incompletely formed or
‘developing’ aromatic melanin structures is revisited in Section 4.
Among the catecholamine precursors, L-dopa and methyl-L-dopa produced the most
robust melanin pigment deposition, as evidenced by aromatic NMR signals arising from their
indole-based structures, whereas epinephrine formed essentially no indole-like pigment in either
cell-free or fungal reactions. These trends are in accord with prior CN preparations, which gave
yields of 47, 61, 27, and 2% for melanin ghosts from L-dopa, methyl-dopa, norepinephrine, and
epinephrine substrates, respectively (8). The results for norepinephrine were mixed: modest
pigment signal intensity was evident in the fungal system and only a subset of aromatic features
appeared in the 13C NMR spectrum of the corresponding cell-free melanin. As noted previously
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(9), even epinephrine-derived materials for which the pigment is not detected in the 13C spectrum
can be assumed to possess cell walls that are partially melanized, because unmelanized cells cannot
survive the harsh procedures used to isolate the ghosts.
Although only qualitative comparisons between cell-free and fungal preparations are
possible from perusal of these standard one-dimensional natural-abundance spectroscopic
fingerprints, the current findings align with and extend our recent demonstration of a common
indole-based aromatic core in similar isotopically enriched L-tyrosine, L-dopa, and dopaminederived eumelanin systems using two-dimensional 13C-15N solid-state NMR correlations (23). The
current finding of robust cell-free melanization with L-dopa and methyl-L-dopa bolsters our prior
claim that formation of DHICA- and DHI-containing aromatic pigments requires stabilized cyclic
dopachrome intermediate structures such as that illustrated in Figure 1 (9). This hypothesis is also
strengthened by the requirement of hydroxyl-substituted benzene or indole rings in fungal melanin
precursor structures: C. neoformans can form aromatic pigments from serotonin and 4hydroxyindole, to a lesser degree from 5-hydroxytryptophan and 5-hydroxyindole, but not from
tryptophan itself (data not shown).
The observation of similar chemical environments for the aromatic core in several pairs of
cell-free vs. CN melanins is surprising at first glance, given the reported involvement of the
polysaccharide cell-wall scaffold in pigment deposition (24, 25). However, even in fungal cells
the ~200 Å thick melanin layers (26) should be comprised of numerous proximal aromatic pigment
units, so that in both synthetic and biosynthetic systems any given unit is most likely to be
surrounded by other pigment molecules. The predominance of pigment-pigment rather than
pigment-cell wall interactions had been validated in L-dopa fungal melanin ghost preparations
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using 2D solid-state NMR experiments that identify pairs of 13C nuclei located within ~6 Å of one
another (11).

Precursor identity alters the structural order and lipid content of cellular scaffolds in fungal
melanin ghosts. In addition to the role of precursor structure in determining the outcome of
melanin (bio)synthesis, an understanding of the underlying melanized cell-wall architecture is
critical for C. neoformans systems because pigment deposition is known to impact granule
formation, cellular porosity, and drug resistance (26). A glucose-derived aliphatic scaffold is
formed in advance of the melanin pigment in the CN fungal system (11). Moreover, the progressive
development of closely packed granule layers within the melanized cells raises the question of
whether these layers are simply cross-linked to one another or held together by a scaffold
composed of pigments, proteins, polysaccharides and/or lipids (26). Whatever the mechanism, it
is important to note that a melanized cell wall must be sufficiently malleable to permit cell budding
and morphological transitions such as hyphal formation (27). The importance of these
considerations is underscored by reports of chitin-synthase-deficient fungal cultures in which
melanin pigments are produced but are poorly retained by the cell wall (24). Conversely,
supplementation of CN cultures with the scaffold building block N-acetylglucosamine leads to
diminished chitin-to-chitosan ratios and elevated pigment content in the resulting melanin ghosts
(25).
To test whether the hypothesized cell-wall scaffold and associated cellular constituents
retained in the melanin ghosts differ in molecular composition, order, or organization according to
the catecholamine from which the pigment is derived, we examined solid-state 13C NMR spectra
of CN fungal cells grown with [U-13C6]-glucose as demonstrated previously (10,11). Notably, the
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constituents that resist our rigorous degradative treatments are precisely those cellular materials
that are of interest because they are integrally associated with the melanin biopolymers. For
pigments produced using L-dopa or NorE (Figure 2), each of the quantitatively reliable direct
polarization (DPMAS) spectra shown in Figures 2b-d displays 13C resonances attributable to cellwall constituents (oxygen-linked carbons derived from ß-glucans, chitin, chitosan, and mannans
(28)) as well as membrane-derived glycerides (glycerol backbones, lipid head groups, acyl chains)
(10).

Figure 2. 150 MHz solid-state 13C magic-angle spinning (MAS NMR) spectra showing carboncontaining chemical moieties in C. neoformans melanized cell walls produced with different
catecholamine precursors. Left (a-d): quantitatively reliable direct polarization (DPMAS) NMR
yields C=C/CHO and (CH2)n/CHO peak ratios for

13

C-enriched membrane lipids and

polysaccharides in melanin ghosts produced using [U-13C6]-D-glucose and natural-abundance
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(1.1% 13C) catecholamine precursors. Peak assignments are based on published reports for fungal
cell walls and mammalian phospholipids (10,32), with C=C and (CH2)n groups that originate
primarily from the membrane-derived functional groups marked in green. Right (e-h): comparative
X-band EPR and cross polarization (CPMAS) NMR spectra of melanins produced from naturalabundance glucose and catecholamine precursors. Each NMR spectrum is presented with the
tallest peak set at full scale.
The NorE-derived fungal melanin stands out with respect to 13C spectral resolution, though
the resonances are an order of magnitude broader than in native (unmelanized) Aspergillus
fumigatus cells (29). The relatively sharp NorE melanin spectrum suggests fewer types of
magnetically similar functional groups, a more ordered crystalline-like molecular architecture,
and/or more motional averaging of the resonances. Whereas the modest EPR signal intensity
displayed in Figure 2e indicates fewer stable free radicals, diminished peak broadening would not
be anticipated for the relatively distant aliphatic moieties. Motional averaging can also be viewed
as unlikely, because 1 ms of cross polarization suffices to build up nearly the 13C signal intensity
observed when DPMAS spectra are acquired with long recycle delays (data not shown).
Also of note in these melanin ghost 1D 13C NMR spectra are the relative integrated peak
areas for primarily membrane lipid alkenes (C=C, 130 ppm) and polysaccharide oxymethines
(CHO, 74 ppm). The C=C/CHO ratios are 0.57 and 0.15 for L-dopa and NorE fungal melanins,
respectively (Figure 2a), suggesting that lipids are better retained in the ghosts by the wellmelanized L-dopa cell walls. An analogous trend involving (CH2)n/CHO ratios, 7.7 and 1.2, again
supports a larger proportion of lipids retained by L-dopa melanized cell walls. Although such
comparisons must be made with caution because few peaks represent a single aliphatic constituent,
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they support a model wherein the pigment traps a portion of the vesicle-derived lipids (30),
rendering them less accessible to extraction and HCl boiling treatments.
A more definitive picture of how the chemical moieties and associated cell-wall
architectures depend on which melanin precursor was available can be seen by comparing the 2D
13

C-13C dipolar correlation (DARR) spectra of C. neoformans ghost materials derived from [U-

13

C6]-glucose and either unlabeled L-dopa or NorE catecholamine precursors (Figure 3). Many of

the

13

C chemical shift values and pairwise through-space carbon-carbon connectivities are

maintained in each fungal melanin sample, a conclusion reinforced by the analogous overall
spectroscopic similarities observed with 50, 250, and 500 ms DARR mixing times corresponding
to carbon-carbon distances spanning ~2-6 Å (data not shown). As shown previously using the Ldopa precursor, both sets of 2D spectra identify proximal carbon pairs that are situated either within
a given cell-wall sugar unit or on nearby polysaccharide and membranous constituents (11).
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Figure 3. Two-dimensional solid-state

13

C-13C dipolar assisted rotational resonance (DARR)

NMR contour plots (56, 57) and 74-ppm w1 cross-sections obtained from experiments conducted
with 15 kHz MAS, a 1H frequency of 600 MHz, and a 500-ms mixing time for C. neoformans
melanized cell wall ghosts produced with [U-13C6]-D-glucose. Contours on the diagonal
correspond to one-dimensional spectra such as those shown in Figure 2; off-diagonal contours
(cross-peaks or connectivities) correspond to pairwise through-space carbon-carbon proximities
within ~6 Å of one another. The indirect chemical shift dimension corresponding to the y-axis of
each plot is designated as w1. Top row: (a) ghosts produced with natural-abundance L-dopa
(adapted from (11)); (b) ghosts from natural-abundance NorE; (c) ghosts produced with a 1:1
(mol/mol) mixture of L-dopa and NorE. Middle row: (d) upfield region of NorE overlaid with Ldopa; (e) upfield region of NorE overlaid with (L-dopa + NorE). Bottom row, 74-ppm w1 crosssections: (f) L-dopa; (g) NorE; (h) (L-dopa + NorE). Overall comparisons of the three 2D datasets
are made by adjusting the vertical scale so that all significant cross-peaks are visible and the same
numbers of contours are displayed for the major cell-wall resonance at 74 ppm. Comparisons of
the three 1D cross-sections set the tallest 74-ppm peak at full scale.
Nonetheless, a close look at the 2D plots and selected 1D cross sections in Figure 3 reveals
several key precursor-dependent contrasts among the [U-13C6]-glucose-derived carbon spectra.
First, the NorE melanin cross-peaks exhibit smaller linewidths at half-height and stronger dipolar
interactions with e.g., the major polysaccharide carbons resonating at 74 ppm. Secondly, both the
individual contour plots and the overlaid comparison of L-dopa and NorE melanins show that the
broad lipid crosspeaks to carbons resonating at ~30, ~130, and ~173 ppm are greatly diminished
if the precursor is NorE, thereby revealing prominent NMR signals at 21 and 172 pm that could
arise from chitin polysaccharides (31, 32) present in fungal cell walls (33). Given the smaller
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C=C/CHO and (CH2)n/CHO ratios derived from quantitative DPMAS spectra (Figure 2), we can
attribute the dearth of through-space

13

C-13C interactions to inefficient retention of membrane

lipids. The modest amounts of both lipid and pigment constituents within the NorE melanized cells
can also explain the scaffold’s near-crystalline-like molecular order. From a functional
perspective, the enhanced molecular order, larger 13C-13C dipolar interactions, and absence of lipid
crosstalk in the glucose-derived scaffold associated with the NorE precursor (Figures 2b, 3b, 3g)
correlate with less deposition of melanin (Figure 1).

C. neoformans fungal cells are melanized preferentially by the L-dopa precursor. Given that
the identity of the catecholamine precursor exerts a significant impact on the product amount, the
pigment molecular structure (Figure 1), and the molecular order of the underlying aliphatic
scaffold (Figures 2, 3), we supplied substrate pairs to the CN cells to investigate whether particular
precursors were preferred or if pigments with unique macromolecular structures could be formed.
Figures 2c, 2e, and 2g illustrate the spectroscopic outcomes of a competition study conducted with
L-dopa and NorE, each of which individually deposits significant amounts of pigment and displays
a broad aromatic resonance in the 13C NMR ghost spectrum (Figure 1).
When a 1:1 (mol/mol) mixture of the L-dopa and NorE catecholamines is used as the
melanization substrate for CN cells, the resulting 13C NMR spectra (Figures 2c, g) bear a close
resemblance to the L-dopa fungal melanin itself and suggest that L-dopa is the preferred substrate
in CN cellular media. The DARR results of Figure 3c confirm this similarity, revealing broad
cross-peaks and diminished intensities relative to the diagonal peak when compared with NorE
melanin; both spectral characteristics suggest an amorphous structure with sufficient lipid content
or order to permit dipolar crosstalk. The hypothesis of preferential utilization of L-dopa for
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melanin biosynthesis is also supported by the corresponding EPR spectra of Figure 2e, which
display an intrinsically weak signal for the NorE melanin but similar intensities and linewidths at
half height for melanin ghosts from L-dopa and the 1:1 precursor mixture. Taken together, these
spectroscopic results support a mechanistic model in which norepinephrine does not compete with
L-dopa during polymerization to form an indole-based pigment -- even though the CN fungus is
capable of utilizing each substrate individually to achieve protective cell-wall melanization.
Although an analogous L-dopa-epinephrine competition study yields pigment resonances
with chemical shifts reminiscent of L-dopa melanin, the [U-13C6]-D-glucose-derived scaffold
displays superior resolution in both 1D 13C and 2D DARR spectra as compared with the aliphatic
constituents melanized using either catecholamine alone (data not shown). Thus the epinephrine
alongside L-dopa yield the hallmarks of pigment deposition in both the resulting 13C NMR and Xband EPR spectra, but they leave the aliphatic support scaffold surprisingly lipid deficient and
well-ordered organizationally. These observations can be rationalized if association or covalent
binding of the two precursors occur to expose hydrophilic -OH groups that facilitate pigment
anchoring to the polysaccharide scaffold, whereas the vesicle-derived hydrophobic lipids are
highly susceptible to extraction during the ghost isolation protocol.

Molecular architectures of melanin biopolymers from contrasting synthetic and
spectroscopic protocols include indole, pyrrole, open-chain, and newly proposed structures.
To augment our spectroscopic assessments of how catecholamine precursor availability impacts
the carbon-based structures of both the resulting melanin pigment and the underlying cellular
scaffold, we chose several readily available precursors enriched in NMR-active isotopes to probe
the carbon- and nitrogen-containing heteronuclear molecular frameworks that are constructed
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during the course of melanization. This set of studies builds on prior solid-state NMR findings:
that L-dopa or dopamine precursors yield progressively increasing amounts of pigment deposition
in C. neoformans during cell culture lasting up to 14 days (11,25); that synthetic polydopamines
possess carbon and nitrogen moieties indicative of indole, pyrrole, and uncyclized catecholamine
building blocks (16); and that similar proximal carbon-carbon and carbon-nitrogen pairs of several
structural types can be identified within fungal and synthetic melanins (11,23). In the current
investigation, two-dimensional double resonance solid-state NMR strategies were used to identify
numerous 13C-15N pairs located 1-3 bonds from one another; the exquisite sensitivity of chemical
shifts to molecular environment and the availability of statistically based spectral predictions
derived from extensive NMR databases then allowed us to constrain the possible architectures of
a range of eumelanin pigments: (1) [U-13C,15N]-L-tyrosine-derived biopolymers at two
developmental stages of their cell-free synthesis (‘developing’ and ‘mature’ at 1.5 and 3.0 days,
respectively); (2) ‘mature’ products made with contrasting precursors and synthetic methods (cellfree [U-13C,15N]-L-tyrosine and fungal [U-13C,15N]-dopamine melanins). By adjusting the 13C-15N
coherence transfer time, it was also possible to extend the reach of our spectroscopic experiments
to distances corresponding to 2-3 chemical bond lengths. The goals were to evaluate possible
structural hypotheses more rigorously and to gain new molecular insight into the developmental
progression of melanization.
Figure 4 illustrates 2D 13C-15N z-filtered transferred echo double resonance (ZF-TEDOR)
experiments (34,35) that can correlate the NMR signals and reveal the respective chemical
environments of proximal carbon-nitrogen pairs located within tailored distance ranges up to 5 Å
while avoiding possible dipolar dephasing effects from other-than the isotopically enriched spins
of interest. In the current study, we first compared the 2D spectra obtained with short (~1.5 ms)
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TEDOR recoupling times for synthetic L-tyrosine melanins that are ‘developing’ at 1.5 days vs.
‘mature’ for 3.0 days. When coupled with sensitivity-enhancing dynamic nuclear polarization
(DNP) that was checked for uniform signal enhancements across the spectrum, this strategy
enabled us to take a first atomic-scale look at the developmental course of solid-phase melanin
polymer synthesis. The resulting through-space correlations identify 13C-15N pairs that are located
within ~1.5 Å of one another (35) and likely represent the directly bonded heteronuclei defining
the polymeric melanin structure(s). (The pigmented layers evident in high-resolution TEM images
of melanized fungal cells (36) are spaced at 3.7-4.0 Å (37), and thus not correlated in these
experiments).

Figure 4. Contour plots of 2D 13C-15N ZF-TEDOR short-recoupling results on samples from 1.5versus 3.0-day cell-free melanization, respectively, with a [U-13C,15N]-L-tyrosine precursor. The
1.5-day melanins were examined in a 10-h experiment (dark blue contours) run on a Bruker AV3
DNP spectrometer operating at a 1H frequency of 600 MHz, temperature of 100 K, magic-angle
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spinning frequency of 12.5000 ± 0.0005 kHz, and TEDOR evolution period of 1.6 ms
corresponding to one-bond pairwise 13C-15N correlations. The 3.0-day melanins were examined
with a 46-h experiment (red contours) run on a Varian (Agilent) DD2 spectrometer operating at a
1

H frequency of 600 MHz, temperature of 234 K, magic-angle spinning frequency of 20.00 ± 0.02

kHz, and TEDOR evolution period of 1.4 ms. Spinning sidebands that are incidental to the
structural analysis are denoted by * symbols. The 13C-15N crosspeaks designated by upper case
letters are identified provisionally with directly bound C-N pairs within the illustrated chemical
structures, drawing on the corresponding ACD-predicted chemical shifts and previously proposed
melanin structural constituents (11, 16, 23, 41). The predicted chemical shift values, typically
quoted with average error limits of 3-10 ppm, are shown for 13C (red) and 15N (blue).

The current findings indicate that closed-ring structures such as those illustrated in Figure
4 are in place after 3.0 days of cell-free melanization (red contours). For instance, they support our
prior heteronuclear double cross polarization and proton-assisted recoupling (23) evidence for HNC= moieties (Peak A: 135 13C x 137 ppm 15N) of the dihydroxyindole-2-carboxylic acid (DHICA)
and dihydroxyindole (DHI) building blocks typically invoked for eumelanin pigments (1,38) and
are consistent with the chemical shifts predicted semi-empirically with ACD software for a
molecular architecture containing the elements displayed in Figure 4. The TEDOR spectra also
display a cross peak (Peak B: 130x165 ppm) previously proposed to be the HN-C= moiety of a
pyrrole carboxylic acid (16,23) that is thought to arise from the oxidative cleavage of DHI or
DHICA units (16,38). Additional degradative schemes have been proposed for synthetic
polydopamine and a cell-free melanin derived from 5,6-dihydroxyindole (39,40), in which the
pyrrole moiety of an indole ring undergoes oxidative fission. These reports led us to propose the
open-chain DHICA-derived compound shown in Figure 4 to account for peak C (170x137 ppm)
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and a portion of the peak A intensity (135x137 ppm). Finally, peak D (150x131 ppm) can be
assigned to an indolequinone (14,38,41). Correlations A, B, and C are also replicated for the
polymer synthesized in CN fungal cells from a dopamine substrate (data not shown).
Even after just 1.5 days of reaction, the ZF-TEDOR spectrum of Figure 4 displays peaks
A (135x137 ppm) and B (130x165 ppm) assigned to the HN-C= proximities of the canonical
closed-ring indole and pyrrole carboxylic acid melanin building blocks (dark blue contours).
Moreover, a striking set of additional carbon-nitrogen fingerprints is illustrated by peaks E and F,
corresponding to two

13

C-15N pairs with upfield shifts indicative of open-chain structures and

attributable to incomplete indole cyclization of these ‘developing’ pigments. As shown in Figure
4, Peak E (56x38 ppm) can be identified as the H2N-C-COOH of an uncyclized tyrosine or L-dopa
precursor, consistent with a semiempirical spectral prediction (57x41 ppm). Similar structures
have been proposed as minor products from both 10-d C. neoformans melanin biosynthesis (9) and
3-d cell-free L-dopa melanization (23). Peak F (42x33 ppm) exhibits chemical shifts in reasonable
agreement with the predictions for a H2N-CH2- fragment in a dopamine-like structure (43x26 ppm)
(42), though there is no straightforward rationale for its formation from L-dopa in the absence of
a decarboxylase enzyme. Novel structural proposals for G and H are described in conjunction with
our multiple-bond TEDOR results below.
The success of the DNP-enhanced TEDOR experiments in suggesting possible
noncanonical structures for 1.5-day developing synthetic melanins then encouraged us to augment
our knowledge of the pigment’s molecular architecture by identifying structural signatures that
span distances corresponding to more than one chemical bond. Figure 5 shows the 2D

13

C-15N

NMR through-space connectivities developed during 2.88 ms of coherence transfer for [U13

C,15N]-L-tyrosine melanins after chemical reaction for 1.5 d, including spin pairs located within
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2-3 bonds of one another; lower-case letters denote the subset of pairwise proximities observed
exclusively with this longer coherence transfer period.

Figure 5. Contour plot of 2D 13C-15N ZF-TEDOR long-recoupling results on a sample from 1.5day cell-free melanization with a [U-13C,15N]-L-tyrosine precursor. The experiment required 25 h
on a Bruker AV3 DNP spectrometer operating at a 1H frequency of 600 MHz, temperature of 100
K, magic-angle spinning frequency of 12.5000 ± 0.0005 kHz, and TEDOR evolution period of
2.88 ms corresponding to one- and 2-3 bond pairwise

13

C-15N correlations. Spinning sidebands

that are incidental to the structural analysis are denoted by * symbols. The 13C-15N crosspeaks
designated by upper case letters are identified provisionally with directly bound C-N pairs within
the illustrated chemical structures; pairwise proximities that were observed exclusively with the
longer coherence transfer period are denoted with lower-case letters. These assignments draw on
previously proposed melanin structural constituents (11, 16, 23, 41) and the corresponding ACDpredicted chemical shifts with error limits of 3-10 ppm and shown for 13C (red) and 15N (blue).
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Peaks G-H and i - k can be accommodated by at least two sets of chemical shift assignments
summarized in Figure 5, going beyond the commonly invoked melanin structural moieties but
having precedents in related reports. Both structural hypotheses conform with the observation of
a centrally located 15N resonance at ~120 ppm. First, a dipeptide could be formed between tyrosine
and/or L-dopa precursor units as shown and in analogy with the o-phenolic substrates implicated
in enzyme-mediated insect sclerotization (43). This structural hypothesis and the supporting
semiempirical predictions are consistent with five distinct

13

C-15N proximities: directly bonded

pairs (G observed at 176x122 ppm, predicted at 175x122 ppm; H observed at 55x122 ppm,
predicted at 56x122 ppm) and remotely bonded pairs (i observed at 38x122 ppm, predicted at
55x122 ppm; j observed at 32x122 ppm, predicted at 39x122 ppm; k observed at 27x122 ppm,
predicted at 37x122 ppm). Alternatively, a pyrrolidone could be formed by oxidative cleavage of
an oxindole as proposed for polydopamine degradation products (16). This latter hypothesis
accounts for two directly bonded pairs (G, H) and three remotely bonded pairs (i, j, k). Although
neither oxindole intermediates nor pyrrolidone products have been reported previously in
eumelanins, the ring cleavage required to produce such structures has been proposed in
polydopamines (44). Finally, peak l is attributable to indole carbons 2-3 bonds from

15

N in the

DHI or DHICA units displayed in Figure 4.
Taken together, the TEDOR studies provide an informative initial look at melanin pigment
development, also providing a proof-of-principle for the exploitation of stable 13C and 15N isotopes
in conjunction with multidimensional solid-state magnetic resonance to track the molecular
architectures that characterize the maturation process of these intriguing pigments. These
spectroscopic comparisons of proximal 13C-15N nuclear pairs reveal a diverse set of structures that
can include both open-chain (catecholamine), closed-ring (DHI, DHICA, pyrrolidone), and
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possible peptide-linked catecholamines or oxindole-derived compounds at the 1.5-day stage of
cell-free melanization but which “converge” to a simpler set of predominantly indole- and pyrrolebased polymers after 3.0 days of development. This temporal progression suggests that the openchain entities should be attributed to incompletely reacted precursors that remain uncyclized rather
than to indole breakdown products. Nonetheless, the diversity of possible cyclization and
degradation steps that could occur between these developmental stages can be sorted out only upon
systematic monitoring of the reaction times, oxidants, and isolation protocols that define the
synthetic pathways. Such future studies also offer the promise of extending the methodology to
the more complex fungal melanin systems described above.

CONCLUSIONS
The availability of particular catecholamine precursors was demonstrated to play an important role
in eumelanin development in both C. neoformans and cell-free reactions, impacting the efficacy
of pigment formation, the pigment molecular structure, and the underlying scaffold organization
in fungal systems. Using solid-state NMR methodologies, we have been able to monitor the
carbon-nitrogen architecture of this ubiquitous protective pigment at the atomic level and as a
function of time during melanization.

MATERIALS AND METHODS
Cell-free chemical synthesis of melanin pigments
Chemical reactions were carried out with L-dopa (L-3,4-dihydroxyphenylalanine), methyl-Ldopa, (-)-norepinephrine (NorE), and (-)-epinephrine precursors in separate experiments. These
materials were purchased from Sigma Chemical Co. (St. Louis, MO). [U-13C,15N]-L-tyrosine was
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purchased from Cambridge Isotope Labs (Andover, MA); [U-13C,15N]-dopamine was obtained
from Medical Isotopes, Inc. (Pelham, NH). Melanin pigments were produced under cell-free
conditions by autopolymerization of the catecholamine precursors or tyrosinase-mediated
polymerization of the tyrosine precursor as described previously (10, 11, 23, 45-47). Typically,
100 mL of a 5 mM precursor solution prepared in a pH 7.4 Tris-HCl buffer was stirred
mechanically for 72 hours in a beaker that was covered with punctured aluminum foil to allow
aeration and kept at room temperature (~295 K). The reaction setup was scaled up by a factor of
two for the epinephrine precursor to obtain a sufficient yield of pigment for the subsequent physical
studies. The reaction mixture was then brought to ~pH 1 by addition of 6 M HCl and boiled for 20
min. After 15 min of centrifugation at 9000 rpm and 298 K, removal of the supernatant, and
repeated washing with distilled water to reach a pH of ~7, a solid precipitate was collected. After
lyophilization, the sample container was sealed and stored at 277 K for future use.

Cryptococcus neoformans melanin biosynthesis and isolation
Materials were purchased from Sigma unless otherwise noted. As described previously (8,
9, 23), fungal melanin biosynthesis was conducted using the serotype A H99 or serotype D
24067 strains of Cryptococcus neoformans species complex (American Type Culture
Collection 208821) with an obligatory precursor listed above, with dopamine, or with an
indole compound such as 5-hydroxy-L-tryptophan, serotonin, 4-hydroxyindole, 5hydroxyindole, or 5-hydroxyindole-3-acetic acid. A 1 mM solution of the precursor in
defined minimal medium (29.4 mM KH2PO4, 15 mM D-glucose, 13 mM glycine, 10 mM
MgSO4, and 3 µM thiamine at 303 K) was used to support 10 days of cellular growth in a
rotatory shaker operating at 150 rpm. Either natural abundance or [U-13C6]-enriched
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glucose (Cambridge Isotope Labs) were used in the growth medium in separate
experiments.
To isolate the melanized cell walls for biophysical study (8, 9, 23, 48, 49), a series of
chemical treatments was used to remove the other cellular components. Materials were
purchased from Sigma unless otherwise noted. First, cell pellets obtained by centrifugation
at 2000 rpm were washed with ~20 mL phosphate buffered saline (PBS) and suspended in
1.0 M sorbitol / 0.1 M pH 5.5 sodium citrate solution, then incubated at 303 K for 24 h with
10 mg/mL lysing enzymes from Trichoderma harzianum to remove the cell walls and
generate melanized protoplasts. The pellet from centrifugation at 2000 rpm was washed
repeatedly with PBS until the supernatant was nearly clear. The proteinaceous constituents
were denatured by adding a 20-mL aliquot of 4.0 M guanidine thiocyanate to form a
suspension that was incubated at room temperature for 12 h in a rocker (Shaker 35, Labnet,
Woodbridge, NJ). The proteins were removed by collecting the resulting cell debris and
washing 2-3 times with PBS, then incubating at 338 K for 4 h in 5 mL of buffer (10 mM
Tris-HCl, pH 8.0, 5 mM CaCl2, 5% SDS) supplemented with 1 mg/mL proteinase K
(Boehringer Mannheim, Germany). The recovered cell debris was washed 2-3 times with
PBS, then delipidated by three successive cycles of extraction using an 8:4:3 chloroformmethanol-saline mixture (50). Finally, the product was suspended in 20 mL of 6 M HCl
and boiled for 1 h to hydrolyze any cellular contaminants associated with the melanin
pigment. The suspension of black particles was dialyzed for 14 d against distilled water that
was changed daily. The resulting melanized cell wall particles (‘ghosts’) were lyophilized
and stored at room temperature for further spectroscopic examination.

Solid-State Nuclear Magnetic Resonance (ssNMR)
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NMR measurements were carried out on either of two spectrometers. At the City College of New
York, a Varian (Agilent) VNMRS (DD1 or DD2 console) instrument operating at a 1H frequency
of 600 MHz was equipped with a 1.6-mm HXY fastMAS probe containing 2-6 mg of each
powdered sample and was typically spun at 15.00±0.02 or 20.00±0.02 kHz (Agilent Technologies,
Santa Clara, CA). Experiments were run either at a nominal spectrometer-set temperature of 298
K or regulated at 234 K using an FTS chiller (FTS Thermal Products, SP Scientific, Warminster,
PA). Typical 90° pulse lengths for 1H, 13C and 15N were 1.2 μs, 1.3 μs and 2.65 μs, respectively.
At the New York Structural Biology Center, a Bruker AV3 dynamic nuclear polarization (DNP)
spectrometer (Bruker BioSpin Corp., Billerica, MA), operating at a 1H NMR frequency of 600
MHz and a gyrotron frequency of 395 GHz, was equipped with a 3.2-mm E–free low-temperature
MAS HCN probe. The customary sample preparation protocols for proteins were optimized for
the very hydrophobic and amorphous melanin materials by decreasing the proportion of sample (~
3 mg in a 3.2-mm rotor) with respect to AmuPOL biradical solution (Cortecnet, Voisins-leBretonneux, France) and increasing the concentration of biradical (to 40 mM), in order to achieve
better swelling and penetration of electrons within the sample of interest. The powdered sample
was infused for 1 h with a 60:35:5 (v/v/v) mixture of

13

C-depleted-d6-glycerol-D2O-H2O

containing the AmuPOL biradical. DNP experiments were run at a temperature of 100 K, making
it possible to achieve enhancements in the signal-to-noise ratio (microwaves on / microwaves off)
of e=120 for a [U-13C,15N]-proline standard sample and 11 for [U-13C,15N]-L-tyrosine synthetic
melanin. The MAS rate was 12.500±0.005 kHz; typical 90° pulse lengths were 2.5 μs, 4.0 μs, and
6.3 μs for 1H, 13C, and 15N, respectively.
For one-dimensional (1D)

13

C cross polarization – magic-angle spinning (CPMAS) NMR

using the 1.6-mm Varian probe, typical 1-2 ms cross polarization times were used to
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transfer magnetization from 1H to

13

C nuclear spin baths, including ~20-50% linearly

ramped radiofrequency (rf) field strengths (51) for 1H and a ~50 kHz constant rf field for
13

C. High-power heteronuclear proton decoupling (175–185 kHz) was achieved using the

small phase incremental alternation (SPINAL) pulse sequence (52), and data were acquired
with a 3-s recycle delay between successive acquisitions. 1D

13

C direct polarization

(DPMAS) spectra were acquired with spin echo experiments (53), 50-s recycle delays, and
106 kHz SPINAL proton decoupling. Spectral datasets were processed with 50-200 Hz of
line broadening; chemical shifts were referenced externally to the methylene (-CH2-) group
of adamantane (Sigma) at δC=38.48 ppm (54) or calculated from 15N and 13C gyromagnetic
ratios by IUPAC-specified procedures (55). Relative signal intensities for CHO, C=C, and
(CH2)n chemical groups were determined using the GNU image manipulation program
(GIMP) to compare pairs of the

13

C NMR regions at 66-88, 127-134, and 10-46 ppm for

each DPMAS spectrum. Semi-empirical

13

C and

15

N spectral simulations were conducted

with ACD/NMR Processor Academic Edition (version 2017.1; Advanced Chemistry
Development, Inc., Toronto, ON, Canada, www.acdlabs.com, 2015), which draws on a
database of ~250,000 chemical compounds.
Two-dimensional (2D) 13C-13C through-space correlation spectra were collected on 13C-enriched
melanin samples using radiofrequency field-assisted diffusion mixing implemented in a dipolar
assisted rotational resonance (DARR) mixing experiment (56,57) with a Varian HXY fastMAS
probe as described previously (11). Briefly, separate experiments were conducted with 50–500ms mixing times, typical MAS rates of 15 kHz, 175-185 kHz 1H decoupling strengths during
acquisition, and 64–256 scans. Proton irradiation of 15 kHz was applied during the DARR mixing
period. 1H-13C cross-polarization used a carbon radiofrequency field corresponding to 50 kHz and
a proton field that was ramped up to 90 kHz during mixing times between 1 and 3 ms in separate
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experiments. Typical spectral widths of 38–74 kHz in each 13C dimension, defined by 1024–2048
points (direct dimension), and 64 points (indirect dimension) were used. Phase-sensitive detection
of the 2D spectra was accomplished with the time proportional phase incrementation method (58).

15

N-13C spin correlations were obtained using z-filtered transferred echo double resonance (ZF-

TEDOR) experiments (34,35) conducted with typical 13C spectral widths between 75 and 100 kHz
(500-667 ppm) and a 15N spectral width such that the dwell time corresponded to a multiple of the
rotor period. For TEDOR experiments using the Varian DD2 system, the 15N pulse width was 2.8
μs (90°) and the 13C pulse width was 2.25 μs (90°). SPINAL decoupling (52) of 147 kHz was used
during the 15N-13C mixing, evolution, and acquisition periods. An initial 1H-13C 1-ms 10% linearly
ramped CP step with a 106 kHz midpoint was followed by

13

C-15N dipolar recoupling using

coherence transfer periods of 1.00 or 1.40 ms, corresponding to one-bond correlations between the
nuclear pairs, respectively, estimated by measurements on a [U-13C5,15N2]-L-glutamine standard
sample. Spin coherences generated by 13C-13C J-evolution were removed by ~147 kHz 1H rf fields
during 50 μs z-filter times. For TEDOR experiments conducted on the Bruker AV3 DNP system,
we used a 15N pulse width of 6.5 (90°), 13C pulse width of 4.0 μs (90°), and SPINAL decoupling
of 100 kHz during the 15N-13C mixing, evolution, and acquisition times. An initial 1H-13C 1.5-ms
20% tangentially ramped CP step with a 74 kHz midpoint was followed by

13

C-15N dipolar

recoupling using coherence transfer periods of 1.6 or 2.88 ms, corresponding to 1- and 2-3-bond
correlations between the nuclear pairs. Spin coherences generated by

13

C-13C J-evolution were

removed by ~12.5 kHz 1H rf fields during 80 μs z-filter times.
For 2D ZF

13

C–15N TEDOR experiments performed at 234 K on the 3-day cell-free

melanized [U-13C,15N]-L-tyrosine pigment with the Varian spectrometer, we typically used
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42000 scans (1024 points in the direct dimension), 5 points spanning a 5-kHz sweep width
(indirect dimension), and a 1-s recycle delay, thus requiring 46 h to acquire each dataset.
For TEDOR of the 1.5-day cell-free melanized [U-13C,15N]-L-tyrosine pigment carried out
at 100 K on the Bruker spectrometer, we typically used 96-192 scans (direct dimension,
1572 points), 48 points (indirect dimension), and a 4-s recycle delay, thus requiring 5-10 h
to acquire each dataset. For TEDOR of the 10-day fungal melanins derived from a [U13

C,15N]-dopamine precursor, we used 512 scans (direct dimension) and 32 points (indirect

dimension) on the Bruker spectrometer, with a total experiment time of 18 h. In each case,
acquisition times in the indirect dimension were chosen to limit the total experiment
duration; additional spectral resolution could not be obtained by acquiring more data points
because the signal decay was already complete and the sweep width exceeded the relevant
spectral window. An exponential apodization function with 100-400 Hz line broadening
was used for both direct- and indirect-detected dimensions. The integrity of the 3-day cellfree melanized [U-13C,15N]-L-tyrosine pigment sample was confirmed after a 4-day 2D
NMR experiment by obtaining a 1D 13C spectrum.

Electron Paramagnetic Resonance (EPR)
Suspensions of C. neoformans melanin ghosts (each 2 g/mL to permit quantitative comparisons)
were frozen in 4 mm precision-bore quartz EPR tubes and immediately frozen by immersion in
liquid nitrogen. EPR spectra were recorded at 77 K using an X-band Bruker E500 ElexSys EPR
spectrometer (Billerica, MA) equipped with an ER4122SHQE resonator cavity in which samples
were held in a quartz immersion finger dewar filled with liquid nitrogen. Data acquisition and
manipulation were conducted using Bruker XeprView and WinEPR software. Typical
experimental parameters were as follows: microwave frequency, 9.49 GHz; microwave power, 0.1
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mW; modulation amplitude, 1 G; modulation frequency, 100 kHz; scan rate, 1.2 G/s; conversion
time, 163 ms; time constant, 1310 ms; number of averaged scans, 3.
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The structural unit of melanin in the cell wall of the fungal pathogen Cryptococcus
neoformans

ABSTRACT
Melanins are synthesized macromolecules that are found in all biological kingdoms. These
pigments have a myriad of roles that range from microbial virulence to key components of the
innate immune response in invertebrates. Melanins also exhibit unique properties with potential
applications in physics and material sciences, ranging from electrical batteries to novel
therapeutics. In the fungi, melanins such as eumelanins, are components of the cell wall that
provide protection against biotic and abiotic elements. Elucidation of the smallest fungal cell wallasociated melanin unit that serves as a building block is critical to understand the architecture of
these polymers, its interaction with surrounding components, and their functional versatility. In
this study, we used isopycnic gradient sedimentation, NMR, EPR, high-resolution microscopy,
and proteomics to analyze the melanin in the cell wall of the human pathogenic fungus
Cryptococcus neoformans. We observed that melanin is assembled into the cryptococcal cell wall
in spherical structures of ~200 nm in diameter, termed melanin granules, which are in turn
composed of nanospheres of ~30 nm in diameter, the fungal melanosomes. We noted that melanin
granules are closely associated with proteins that may play critical roles in the fungal
melanogenesis and the supramolecular structure of this polymer. Using this structural information,
we propose a model for C. neoformans melanization that is similar to the process used in animal
melanization and is consistent with the phylogenetic relatedness of the fungal and animal
kingdoms.
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INTRODUCTION
Melanins (Greek melano, meaning dark or black) are perhaps the most enigmatic biopolymers
in the biosphere despite being ubiquitous in nature (1). These pigments carry out a vast array of
functions in all biological kingdoms including thermoregulation, radical scavenging, energy
transduction, camouflage, invertebrate immunity and sexual display (2-4). In the microbial world
melanins contribute to the virulence of many pathogenic microbes. Melanins are produced through
the oxidation and polymerization of phenolic/indolic precursors; notably, these polymers are
characterized by a strong negative charge, high molecular weight, and hydrophobic nature (5). In
the fungal field, black-to-brown insoluble pigments designated as eumelanins confer greater
fitness to melanotic species in vivo, thereby contributing to their virulence (6). In Cryptococcus
neoformans, a facultative intracellular pathogen, melanized cells are able to modulate the immune
response of the host through multiple mechanisms e.g. altering cytokine profiles (7), reducing
antibody-mediated phagocytosis, and decreasing the toxicity of microbial peptides, reactive
oxygen species (ROS), and antifungal drugs (8,9). Recent synthesis of a soluble melanin
(homogentesic acid and L-DOPA at a 1:1 ratio), demonstrated that it suppresses the production of
cytokines and ROS under stimulation of fungal components thus verifying melanin’s ability to
modulate the immune system (10).
C. neoformans is a unique system for the study of melanin biology because unlike other
melanotic fungi, only exogenously provided catecholamines or diphenolic substrates, such as
dihydroxyphenylalanine (L-DOPA), are utilized for melanin synthesis and not as an energy source
(11-13). Consequently, it is possible to selectively label the melanin polymer with NMR- or
radioactive isotopes, a property that has been exploited for melanin structural studies (14-19).
Melanization of C. neoformans results in the deposition of the polymer at the innermost surface of
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the cell wall, which becomes filled throughout over time (20). The pigment is composed of closely
packed spherical particles ranging from 40 to 130 nm in diameter, which are found arranged in
concentric layers in the cell wall (21). Early ultrastructural observations in Agaricus bisporus (22),
Fonsecaea pedrosoi (23), Cladosporium carrionii and Hormoconis resinae (24) suggested
compartmentation of fungal melanins into organelles akin to mammalian melanosomes (25).
Evidence for trans-cell-wall vesicular transport in fungi associated with virulence (26), supported
the hypothesis that fungal melanization may occur within specialized vesicles (27-30).
Studies using isotopically-labeled precursors in conjunction with high resolution solid-state
nuclear magnetic resonance (ssNMR), revealed that the melanin polymer is likely to be covalently
bonded to cell-wall chitin and also found strongly associated with other non-pigment cellular
moieties including polysaccharides such as chitosan and vesicle and/or plasma membrane derived
lipids (16,19). These components serve as the scaffold for melanin synthesis. Indeed, C.
neoformans strains with aberrant chitin and/or chitosan biosynthesis are unable to retain the
pigment within the cell wall and display a leaky-melanin phenotype (31-34), whereas boosting
cell-wall chitin/chitosan content increases melanin deposition and assembly (14). The association
between fungal melanin and chitin was initially reported in Aspergillus nidulans (35), followed by
work done on Exophilia dermatitides (36) and Candida albicans (29). The concept of a fibrillary
matrix upon which melanin is deposited extends to other species including human eumelanin,
where its known to also play a critical role in absorbing toxic oxidative melanin intermediates and
provide the elliptical shape to melanosomes (37).
In addition to the relevance of melanin to all biota and its great impact on fungal pathogenesis,
this polymer has numerous potential applications in biophysics, material sciences, and even in the
cosmetics and health care industries (38-40). The remarkable potential of melanin derives both
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from its chemical composition on the molecular level and its versatility as a component of the
supramolecular structure within a cellular milieu. Investigation of the melanin structure is a
notoriously challenging task due to the insoluble, amorphous, and heterogeneous nature of this
architecturally complex polymer (41). Despite these challenges, over the past two decades a wealth
of molecular level structural information has been uncovered using multiple non-destructive
methodologies among them: X-ray scattering, ssNMR, electron microscopy, and atomic force
microscopy (16, 42-46). Current views of eumelanin molecular architecture posit that these
pigments are composed of a common chemical motif and arranged as graphite-like π-stacked
planar sheets of locally ordered monomers, mainly derivatives of 5,6-dihydroxyindole (DHI) (47,
48), which give rise to subunit nanoparticles that then undergo spontaneous aggregation until
submicron particles are formed (45, 46). Nonetheless, natural eumelanins differ in structure from
synthetic melanin and neuromelanin (44, 45), suggesting that the mode of synthesis can affect the
final structure. A graphical schematic highlighting the current views on eumelanin synthesis and
the relationship of melanin to the fungal cell wall, capsule and cell body shows that melanin resides
in the cell wall (Figure 1).
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Figure 1. Current views about the synthesis of fungal eumelanins. (A) Catecholamine precursors
like L-DOPA are oxidized by the polyphenol oxidase laccase to form dopaquinone, that undergoes
further oxidation to form DHI or DHICA. DHI and DHICA form locally-ordered oligomers that
in turn form planar stacks, presumably with stacking distances of about 4.5 Å (44). The higher
order of structure of eumelanin is considered ‘disordered’, since different planar structures are
oriented in diverse geometries to one another resulting from diversity of DHI/DHICA oligomers
stabilized by hydrogen bonding, cation-pi and Van der Waals interactions (48). The aggregation
of these simpler units lead to formation of the granular structure that we refer to as melanin
granules, which have functional groups that interact with cell wall and cell membrane components
such as lipids [(CH2)n, depicted in green] proteins and polysaccharides (C=C, depicted in pink)
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(18). (B) Model representing the architecture of the plasma membrane represented by a lipid
bilayer, that interact with melanin nanoparticles that aggregate to form larger melanin granules
(21). Melanin granules are anchored to chitin, chitosan and beta-glucan components of the cell
wall components that underlie the polysaccharide capsule of C. neoformans.

Previous studies from our group have shown that the budding of melanized C. neoformans
cells involves a decrease in the melanin thickness of the pigmented cell wall near the bud-site
(49,50). We have hypothesized that the pigmented nanoparticles released into the extracellular
space as part of the normal cell-wall remodeling process are the smallest structural units of melanin
found anchored to the cell wall. Hence, we have now investigated the physical properties,
supramolecular structure, and protein content of these secreted melanin nanoparticles in the
context of current knowledge of the cell-wall associated fungal melanin.

RESULTS
Prolonged acid hydrolysis of melanin ghosts yields melanin nanoparticles. Prior studies have
shown that the solid yeast-shaped particles lacking all internal structures designated as “melanin
ghosts”, are composed of smaller spherical structures ranging in diameter from 40 to 130 nm (21,
49). We hypothesized that these particles were held together by non-pigment cellular components,
a supposition supported by NMR studies showing that C. neoformans ghosts contain tightly
associated lipid moieties and cell-wall polysaccharides such as chitin (16, 19). Since
polysaccharides are typically susceptible to acid hydrolysis, we reasoned that prolonging the
hydrochloric acid (HCl) incubation conducted during the melanin ghost isolation protocol would
free the smaller spherical melanin particles for further analysis. Consistent with these expectations,
increasing the incubation time of the HCl treatment led to significant morphological changes in
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the melanin ghost samples. SEM micrographs showed that ghosts, subjected to the prolonged acid
incubation, initially appeared to be deformed as the relatively larger melanin particles, located
close to the external surface, are release; over time, they took on a “hollowed out” appearance as
the smaller melanin nanoparticles were subsequently liberated (Figures 2A-C). In addition, the
roughness of the ghost surface increased with the prolonged acid treatment, suggesting that the
removal of acid-labile non-pigment material exposes more of the underlying melanin particles.
SEM visualization of material released during 4 h of HCl boiling revealed melanin aggregates
between 60 and 160 nm in diameter size, with the majority measuring around 60 to 80 nm, that
were surrounded by smaller granule-like melanin particles with diameters less than 60 nm (Figures
2D-E). Cross sectional imaging of this suspended material showed a mix of granular nanoparticles
~30 nm in diameter with variable electron density and degrees of consolidation (Figure 2F).
Further TEM analyses of these particles using negative staining, which involves coating the sample
with a heavy metal stain that protects its structure from collapsing during drying and thus provides
contrast for the detection of structural features, revealed images consistent with the notion that
these nanospheres form tightly packed melanin aggregates (Figure 2G-I). Altogether, these results
established that melanin ghosts of C. neoformans are composed of aggregated melanin
nanoparticles arranged as small to large sized spherical particles, which are found embedded
within an acid-labile matrix that produces a smooth appearance for these cell-sized structures.
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Figure 2. Fungal melanin nanoparticles are released by acid hydrolysis of C. neoformans melanin
ghosts. SEM images of C. neoformans melanized cells subjected to standard melanin isolation but
variable incubation time in 6 N HCl for (A) 1 h (normal), (B) 24 h, or (C) 4 days. Particles in
solution released during 4 h of acid treatment were analyzed by multiple techniques: (D) SEM
micrographs showing nanoparticles (arrows) surrounding them. (E) Size distribution of released
particle population determined by measuring diameters in SEM micrographs. Two hundred
particles were counted. (F) Cross-sectional images of suspended acid-released nanoparticles
showing variable electron density and degree of aggregation. Scale bars, 100 nm. (G-I) Acid-
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released particles recovered from C. neoformans strain 24067 analyzed by TEM using negative
staining.

C. neoformans-derived melanin granules differ from auto-polymerized L-DOPA. L-DOPA
auto-polymerization occurs both in the presence of C. neoformans cells or in cell-free conditions
(17). However, in the various cellular systems where melanogenesis has been studied, melanin
synthesis occurs within specialized vesicles known as melanosomes (24, 27-29, 51). During the
budding process of melanized fungal yeasts, melanosomes in the cell wall are either degraded
and/or laterally displaced so that the daughter cell can emerge (49, 50, 52). Whereas in synthetic
systems, melanin formation is due to the auto-polymerization of precursor molecules, such as LDOPA. Consequently, we hypothesized that the released melanosomes would be found in the
supernatants of C. neoformans melanized cultures, possibly in association with extracellular
vesicles. The culture supernatants from a C. neoformans wild type strain (grown with or without
L-DOPA) and a strain defective for melanin synthesis, DLAC1,2 mutant, (Figures 3A-D,G) were
centrifuged at 100,000 x g and the resulting pellets were analyzed. The solid material from each
of the cell cultures, herein refered as crude material, was found to contain particles mostly around
100 nm in diameter as measured by Dynamic Light Scattering (DLS) (Figures 3B,E,H). As a
control, we also analyzed the pelleted material from a culture containing L-DOPA and no fungal
inoculum, observing a population of larger particles from 200 to 300 nm in diameter (Figure 3K)
that we attributed to melanin aggregates from L-DOPA auto-polymerization. Characterization of
these materials by TEM using negative staining was also performed. The sample from C.
neoformans grown with L-DOPA revealed the presence of electron-dense aggregated granular
structures, henceforth called melanin granules (Figure 3C). Similar aggregated structures were
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seen in the ∆LAC1,2 strain sample (Figure 3I), while they were absent in the wild type without LDOPA (Figure 3F). In the L-DOPA sample without C. neoformans cells we observed irregular and
non-spherical aggregates that did not resemble the melanin granules observed for the C.
neoformans cultures (Figure 3L), and which we attribute to L-DOPA auto-polymerization.

Figure 3. Secreted vesicles and melanin granules from C. neoformans are found in culture
supernatants. Top panel, Cross sectional view of representative cells by TEM. Scale bars, 500 nm.
Middle panel, Hydrodynamic diameter of vesicles and melanin granules measured by DLS.
Bottom panel, Representative micrographs by TEM of vesicles and melanin granules (often
present as aggregates) using negative staining. (A-C) C. neoformans grown in MM with L-DOPA.
(D-F) C. neoformans grown in MM without L-DOPA. (G-I) C. neoformans ∆LAC1,2 strain grown
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in MM with L-DOPA. (J) C. neoformans heat-killed grown MM with L-DOPA. (K-L) MM with
L-DOPA. Data represent from three independent experiments.

Melanin has the unique ability to absorb almost every wavelength of light and in contrast to
most other natural chromophores, has a broadband monotonic absorption spectrum (53, 54). Thus,
we used UV-Vis absorbance spectroscopy to verify whether the aggregated granular particles
visualized by TEM are indeed melanin pigments. A monotonic curve was observed for the pelleted
cellular material collected from C. neoformans cells grown in MM with L-DOPA (melanin
granules and vesicles), but not for ∆LAC1,2 strain grown in MM with L-DOPA (L-DOPA
aggregates and vesicles) nor for the fungal cells grown in MM lacking L-DOPA (vesicles) (Figure
4A). DLS also yields a dispersity index, which is a measure of the dispersion (or spread) in the
estimated hydrodynamic sizes of colloidal particles in a solution (15, 16). We observed that
melanin granules had lower dispersity than auto-polymerized L-DOPA (Figure 4B).

Figure 4. Secreted vesicles and melanin granules from C. neoformans are biologically synthesized.
(A) Absorbance spectra of vesicles and melanin granules. Melanin granules and vesicles collected
from C. neoformans grown in MM with L-DOPA (orange) has a broadband optical absorption
curve characteristic of melanin. A curve for auto-polymerized L-DOPA is apparent in MM
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(purple), and no such curve is visible for vesicles collected from C. neoformans in MM lacking LDOPA or for material collected from C. neoformans ∆LAC1,2 in MM with L-DOPA. (B)
Dispersity index values of vesicles and melanin granules. Melanin granules in C. neoformans + LDOPA showed low dispersity, suggesting that the population of melanin granules is highly
monodispersed. L-DOPA aggregates had a broad polydisperse distribution. Representative data
from two independent experiments.

Furthermore, negative staining TEM allowed us to visualize spherical nanoparticles ~200 nm
in diameter, which were isolated from the supernatant of C. neoformans melanized cultures
(Figures 5A,B) whereas, melanin resulting from auto-polymerized L-DOPA particles, showed
minuscule structures with no specific pattern for their association (Figures 5C,D). These results
demonstrated that C. neoformans extracellular vesicles along with melanin granules are found in
the culture supernatant, while aggregated material seen in the ∆LAC1,2 strain have similar
aggregation properties to auto-polymerized L-DOPA. Thus, melanin granules have unique
colloidal characteristics; and these particles are distinct structures in size and morphology
distinguishable from melanin resulting from auto-polymerized L-DOPA.
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Figure 5. C. neoformans melanin granules are shown as highly monodisperse spherical
nanoparticles. High resolution TEM micrographs using a 1% phosphotungstic acid (PTA). (A,B)
Melanin granules found along with extracellular vesicles display a spherical shape. (C,D) Broadly
polydisperse minute spherical L-DOPA particles resulted from auto-polymerization. Panel D
represents a close-up of rectangular area indicated in Panel C. Representative images of three
experiments.

Divalent cations promote aggregation of C. neoformans melanin granules. We studied the
hydrodynamic size of melanin granules suspensions in the presence of mono (Na+) and divalent
(Ca2+) salt concentrations to gain insight into their intramolecular interactions. The crude material
recovered from the culture supernatants of C. neoformans cells grown with L-DOPA containing
both melanin granules and vesicles (hereinafter referred to as crude melanin granules) aggregated
at >0.01 M CaCl2, >0.1 M NaCl, and >10X PBS (Figure 6A-C). These results indicate that divalent
cations promote melanin aggregation; or fusion events at lower concentrations than monovalent
cations. Alternatively, divalent cations likely promote particle aggregation by neutralizing
negative charges on the surface of melanin (55).
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Figure 6. Divalent cations caused the aggregation of crude melanin granules at lower
concentrations than monovalent cations. Size distribution of melanin granules and vesicles
collected from C. neoformans grown in MM with L-DOPA resuspended in (A) 1 M, 0.1 M, 0.01
M, 0.001 M CaCl2; (B) 1 M, 0.1 M, 0.01 M, 0.001 M NaCl; and (C) 10X, 1X, 0.1X PBS.
Representative data from two independent experiments.

C. neoformans melanin granules can be isolated based on their buoyancy. Ultracentrifugation
of C. neoformans cell culture supernatants leads to the recovery of a mixture of vesicles and protein
aggregates (56). We hypothesized that in addition to these constituents, the cellular material
recovered from melanized cell cultures would contain tightly packed melanin granules of high
molecular weight and low volume that could be separated from the vesicles and protein aggregates
by exploiting their buoyancy. Thus, we analyzed the pelleted crude material from the supernatants
of

C.

neoformans

non-melanized

and

melanized

cultures

using

density

gradient

ultracentrifugation. A distinct dark band visible by examination with the naked eye was apparent
towards the bottom of the tube for the melanized sample, corresponding to fraction 5 (Figure 7A).
TEM imaging of the collected fractions revealed vesicles primarily in fractions 1 and 2, for both
samples (Figure 7B); aggregated electron dense nanoparticles ~30 nm in diameter, corresponding
to the dimensions and appearance of melanin granules, were also apparent in fraction 5 of the
melanized sample (Figure 7B).
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Figure 7. Density gradient separation of melanin granules from extracellular vesicles. (A) Image
of OptiPrepTM density gradient of ultrapelleted culture supernatants (crude material) from C.
neoformans non-melanized and melanized cultures grown in MM without or with L-DOPA,
respectively. (B) TEM images depicting Fractions 1-5 collected from density gradient
centrifugation. Melanin granules are visible in fraction 5 of the C. neoformans melanized sample.
Representative data from three independent experiments. Scale bars, 100 nm.

Melanin particles from ghosts and culture supernatants are similar. We entertained the
hypothesis that melanin granules in C. neoformans culture supernatants were similar to those
recovered from prolonged acid hydrolysis of melanin ghosts. Consequently, we sought to
mechanically break down the melanin ghosts isolated from C. neoformans by extended
ultrasonication, avoiding the chemical exposure. We found that ultrasonication of melanin ghosts
for up to 12 min resulted in the release of particles in the range 0-200 nm measured by DLS (Figure
8A). SEM visualization revealed that an ultrasonic pulse as short as a 30 s led to fracture of the
melanin ghosts characterized by jagged edges, which then turned into smaller round structures
exhibiting a coarse and rough appearance as the process continued (Figure 8B). The spherical
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melanin particles that resulted from extensive physical disruption of C. neoformans melanin ghosts
showed a similar size distribution to the crude melanin granules in the culture supernatant. These
data support the proposal that C. neoformans cell-wall melanin is composed of tightly packed
melanin granules with a common substructure of melanin nanoparticles, which are also release to
the extracellular environment.

Figure 8. Sonic cavitation of melanin ghosts from C. neoformans reduces melanin to particles of
~ 200 nm. (A) Size distribution of melanin particles by dynamic light scattering as sonication time
increases. (B) SEM micrographs showing melanin break down. Scale bar, 200 nm. Representative
micrographs of 3 independent experiments.
To gain further insight into the structure of C. neoformans melanin granules we used
cryoEM. Micrographs of fungal melanin granules isolated by buoyancy revealed a pattern of
similarly sized, round beads on a string (Figure 9A). Each spherical nanoparticle, ~200 nm in
diameter, resembles a multilayered structure with well-defined edges but not distinguishable lipid
bilayer, suggesting that these structures may result from stepwise aggregation of smaller particles
(Figure 9B). We considered whether the structures visualized by cryo-EM images were water ice
particles. We cannot unequivocally distinguish between these possibilities by this form of
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microscopy. Nevertheless, we noted that our putative melanin structures are relatively uniform,
have dimensions comparable to those obtained melanin by other EM methods (Figure S1), are
translucent, less electron dense than ice, and do not express the geometric structures associated
with water ice. Hence, we are confident that these are melanin granules.

Figure 9. Ultrastructure of C. neoformans melanin granule suggests a multilayered superstructure.
(A) CryoEM micrographs exhibit melanin granules held together as beads on a string. (B)
Spherical structure representative of the fundamental unit of C. neoformans cell-wall melanin ~200
nm in diameter.

Melanin granules from C. neoformans exhibit a characteristic EPR signal for eumelanins. A
key feature of melanins is the presence of a stable free-radical population that can be detected by
EPR (57), which serves as a molecular fingerprint for natural materials such as charcoal (58).
Eumelanins can be identified based on the modification of their EPR signals by a number of agents
including light, pH, redox agents, and diamagnetic multivalent metal ions (40). The crude melanin
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granules recovered from the C. neoformans culture supernatant yielded a single slightly
asymmetric EPR trace similar to the spectrum previously described for melanin ghosts (59) (Figure
10A). Irradiation of fungal crude melanin granules with a 250 W LED white light enhanced the
EPR signal intensity 1.2 times, while doping with zinc ions increased it 5.3-fold. Alkaline pH had
little or no effect on the EPR signal of crude melanin granules, but low pH was found to attenuate
their EPR signal intensity, possibly due to changes in protonation of accessible ionizable groups.
The melanin ghosts EPR signal was insensitive to pH (Figure 10B). Thus, these results
demonstrated that melanin granules found in the culture media of C. neoformans, in presence of
L-DOPA, retain the paramagnetic properties characteristic of eumelanins.

Figure 10. Electron paramagnetic resonance spectroscopy analysis of C. neoformans crude
melanin granules. (A) EPR of C. neoformans crude melanin granules suspended in distilled water
at pH 7 (blue); after irradiation for 20 min with white light from a 250-W LED white lamp; and
suspended in a solution of 0.1 M ZnCl2. (B) EPR of C. neoformans crude melanin granules
suspended in distilled water at acidic pH adjusted with 1 N HCl (red); suspended in distilled water
at pH 7 (blue); suspended in distilled water at basic pH adjusted with 1N NaOH (green).
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C. neoformans melanin is molecularly associated with non-polysaccharide cellular
constituents. Previous ssNMR studies by our group have revealed that melanin ghosts isolated
from C. neoformans cells are an assembly of the L-DOPA-derived melanin pigment and the
cellular “scaffolding” moieties on which it the pigment is deposited (16). Here we again used
ssNMR to determine whether the melanin granules that are present in the pelleted crude material
from C. neoformans culture supernatants are also associated with non-pigment cellular
constituents. To obtain a sample mass sufficient for ssNMR analysis, we took advantage of the
previously reported C. neoformans mutant strain ST211A (GenBank Accession Number
MK609896), which displays a “leaky melanin” phenotype; “leaky melanin” strain cells are able to
synthesize melanin, but the cell wall is unable to the retain the pigments and thus they leak into
the extracellular space (33). The 13C cross-polarization magic angle spinning (CPMAS) spectrum
of the crude melanin granules obtained from the supernatant of a C. neoformans ST211A cell
culture containing uniformly

13

C-enriched glucose as the sole carbon source and L-DOPA (at

natural abundance) is compared to that of isolated melanin ghosts in Figure 11 (A,B); this isotopic
labeling scheme allows us to selectively observe melanin-associated cellular components without
interfering signals from the melanin pigment. Whereas the most prominent peaks in the melanin
ghosts CPMAS spectrum are centered at ~30 ppm, likely arising from the aliphatic “tails” of
vesicle-derived lipids functionalized during melanization, the crude melanin granules spectrum is
dominated by signals in the region between ~55 and 105 ppm that correspond to various types of
polysaccharide ring carbons. The strong presence of polysaccharides in this crude preparation is
unsurprising since our research group has previously demonstrated that capsular polysaccharides
are synthesized intracellularly and transported to the extracellular space within vesicles (26). To
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test whether these polysaccharides are indeed capsular components that are not associated with the
melanin granules, the crude sample was reexamined after 30 minutes of incubation in hot HCl
(Figure 11C). This relatively short treatment was sufficient to drastically diminish the
polysaccharide content so that the signals in the ~55-105 ppm region were of lesser relatively
intensity than observed for melanin ghosts, which had been subjected to an hour of HCl boiling in
addition to other enzymatic and chemical treatments during sample preparation.

Figure 11. ssNMR analyses of C. neoformans crude melanin granules demonstrated a weak
association to polysaccharides and suggested the presence of peptides or proteins strongly
“functionalized” during melanization. (A,B)

13

C cross-polarization magic-angle spinning

(CPMAS) spectra of crude melanin granules and melanin ghosts isolated from the leaky-melanin
strain C. neoformans ST211A, showing dominant signals for polysaccharides (~55-105 ppm) or
lipids (~30 ppm), respectively. (C,D) 13C CPMAS spectra of crude melanin granules and melanin
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ghosts post-acid treatment revealed that lipid signal (~30 ppm) corresponding to fatty acids is
intimately associated with melanin particles. (E,F) 2D

13

C-13C DARR spectra of crude melanin

granules confirmed augmented polysaccharide content (region ~55-105 ppm) whereas in melanin
ghosts these constituents are less prominent. (G,H) 2D 13C-13C DARR spectra of crude melanin
granules and melanin ghosts post-acid treatment revealed that both samples are composed of the
same cellular constituents and suggest the presence of lipids and possibly protein remnants (~53
x175 ppm) that might be strongly associated with the melanin polymer.
Further insight into the molecular identity of the cellular constituents that associate with
melanin granules was obtained from 2D 13C-13C DARR spectra that display correlations between
proximal carbon pairs equivalent to approximately 1-2 bond-lengths in distance. In analogy to our
13

C CPMAS data, the DARR plot of the crude melanin granules displays a multitude of prominent

cross-peaks corresponding to correlations between spatially-close polysaccharide ring carbons
(~55-105 ppm), whereas this region in the melanin ghosts 2D plot only contains a handful of
correlations that we have previously attributed to the cell-wall scaffolding moieties (e.g., chitin)
on which the pigment is deposited (15) (Figure 11E,F). No cross-peaks attributable to
polysaccharides were observed for the crude melanin granules after the 30-minute incubation in
hot HCl, supporting our hypothesis that the polysaccharides were indeed superficially bound
capsular components and that melanin granules released into the extracellular space are not tightly
associated with cell-wall constituents as for melanin ghosts (Figure 11G). Moreover, all of the
spectral features displayed in the 2D DARR plot of the HCl-treated melanin granules were also
observed in the melanin ghosts spectrum. We interpreted this spectroscopic similarity to indicate
that the 30-minute HCl incubation was adequate to hydrolyze all cellular moieties that were not
intimately associated with the melanin granules. The major difference between the two datasets is
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the presence of cross-peaks attributable to the polysaccharide scaffolding constituents in the
melanin ghost DARR spectrum. To test the robustness of the association between these residual
polysaccharides and the melanin pigment, we subjected the melanin ghosts to a series of treatments
in boiling HCl using incrementally longer incubation times and monitored the peak intensities of
the non-pigment constituents using

13

C CPMAS experiments (Figure S2). Increasing the

incubation time from 2 h to 4 h resulted in only minimal spectral differences, and thus we chose
to further examine the 4 h HCl-treated melanin ghosts by acquiring a 2D DARR spectrum (Figure
11H). Although the additional 4 h HCl treatment was effective in diminishing the signals
corresponding to polysaccharides to undetectable levels (Figures 11 F,H), the majority of other
cross-peaks were preserved; furthermore, these cross-peaks were also retained in the DARR
spectrum of the crude melanin granules after 30 min of HCl treatment (Figure 11G). This
comparison indicates that the two samples contain many of the same cellular constituents, which
are likely strongly associated with the pigment and could play a role in melanin ultrastructure.
Interestingly, the correlations common to both sample spectra suggest the presence of lipids and
likely also protein remnants: the cluster of signals centered around ~53 x 175 ppm is consistent
with correlations between the alpha- and carbonyl-carbons of amino acids within a peptide bond.
However, this later assignment is provisional and requires further testing.

Melanin-associated proteins are identified from C. neoformans melanin granules. To assess
the possibility that C. neoformans melanin nanoparticles are associated with, or possibly
covalently bonded to, melanization-specific proteins, we performed a proteomic analysis on the
isolated melanin granules comprising the visibly dark band (fraction 5) after density gradient
centrifugation. To distinguish between proteins that are vesicle-associated and/or loosely bound
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from those chemically functionalized by the melanin nanoparticles, we included as controls
fraction 5 samples collected from a C. neoformans culture grown in MM without L-DOPA as well
as auto-polymerized L-DOPA. To ensure that sufficient material was available for LC-MS/MS
analysis, 2-3 density gradients procedures were performed for each sample and their respective
fractions 5 were pooled together. Melanin granule-associated proteins were solubilized, reduced,
carboxymethylated, and digested before LC-MS/MS measurements. Data analysis yielded was the
consistent identification of four proteins exclusively associated with C. neoformans melanin
granules (Table 1). A bioinformatics analysis to examine the presence of predicted signal peptides
and GPI anchors showed that three proteins had an N-terminal signal peptide, two of which (Cig1
and Blp1), were also found in extracellular vesicles (60). Only one protein, CNAG_05312, had
both an N-terminal signal peptide and a GPI-anchor indicative of plasma membrane association.
These secreted peptides were previously reported to play critical roles in C. neoformans virulence
(61-65). Taken together, these results revealed that C. neoformans melanin granules are indeed
intimately associated with proteins that employ both a conventional and non-conventional
secretory pathway for regulation, and which may be involved with structural and/or functional
properties of the cryptococcal eumelanin.
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Figure 12. Illustrative model of melanization in C. neoformans. Melanogenesis in C. neoformans
is characterized by multiple events that can be grouped into four phases: synthesis, transport,
aggregation-deposition, and remodeling. Intracellular biosynthesis of the polymer occurs within
melanosomes (nanospheres 10-20 nm in diameter) enclosed in multivesicular bodies (MVBs) (60,
81) (A) and laccase-containing vesicles (89) (B, upper inset). These organelles could be signaled
to start the biopolymer production via incorporation of the mature Qsp1 peptide (64). Active
melanization is evidenced by the presence of melanosomes with variable degrees of pigmentation
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within these lipid bilayer compartments. Melanosomes forming aggregates ~60 nm in diameter are
also noticeable in the cell cytoplasm (B, lower inset). Melanosomes are transported to the cell wall
using an unconventional mechanism that involves invaginations of the plasma membrane (79, 80,
90). Finger-like protrusions of the plasma membrane scoop up melanosomes to transport them
from the cytosol to the cell wall (C,D, white arrow heads). Once in the cell wall, aggregation of
melanosomes into up to 200 nm melanin granules might be promoted by laccase enzyme delivered
to the cell wall via MVB fusion with the plasma membrane (46, 81, 89) (E), while their
arrangement within the fungal cell wall may use as a scaffold concentric membranous sheets
reported in basidiomycetes (49, 93, 94) (F, white arrows). Melanosomes anchor to the cell wall
via multiple interactions: i) associative and covalent interactions between them and cell-wall
constituents (chitin, chitosan, glucans, lipids), possibly mediated by Blp1-chitin and
CNAG_05312- glucans/chitin/chitosan (16, 18, 19), and ii) electrostatic interactions modulated by
chitosan-melanin charges (14, 31, 32, 34). Regular cell growth requires the cell-wall remodeling
to allow budding inducing the melanin scaffold degradation/alteration via secretion of peptidases
(96), chitinases (97), and glucanase (62) thus releasing melanin granules and strung-like granules
(G) into the extracellular environment. Removal of non-pigmented acid-labile cell-wall
components exposes the concentric layered arrangement of the melanin granules within the
cryptococcal cell wall from melanin ghosts (48, 94) (H). Scale bars, 100 nm (main micrographs),
and 50 nm (insets).
Based on the results obtained in this study, we propose a model of C. neoformans cell wall
melanization that begins intracellularly and requires melanosome transport to the cell wall for their
consolidation into melanin granules (Figure 12). Melanin synthesis occurs within melanosomes
(nanospheres 10-20 nm in diameter) enclosed in multivesicular bodies (MVBs) (~450 nm in
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diameter) (Figure 12A) and laccase-containing vesicles (~80 nm in diameter) (Figure 12B, upper
inset). These organelles may be signaled by the Qsp1 mature peptide to activate melanogenesis
(64). Ongoing melanization is evidenced by the presence of melanosomes with variable degrees
of aggregation and electron density within these double-layered compartments. The melanosomes
aggregate into ~60 nm particles (Figure 12B, lower inset), both within MVBs and in the cell
cytoplasm, and are eventually transferred into the cell wall by events that are facilitated by the
presence of invaginations in the plasma membrane (Figures 12C,D). These structures are
characterized by finger-like protrusions that “scoop” melanosomes from the cytosol to transfer
them to the cell wall. Further aggregation of the melanosomes into melanin granules (up to 200
nm in diameter) and anchoring within the cell wall could be augmented by vesicle materials, such
as laccase and Blp1, respectively. Some of these vesicles are delivered to the cell wall within
MVBs that fuse with the plasmatic membrane (Figures 12E). Melanin granules’ concentric
arrangement within the cell wall uses as a scaffold membranous sheets shown as multilaminated
structures of cryptococcal cell walls (Figures 12F). Finally, fungal melanosomes are held together
by and anchored to cell-wall constituents (i.e. chitin, chitosan, glucans) due to diverse interactions:
i) associative or covalent interactions between melanin-associated proteins and cell-wall
components, and ii) electrostatic interactions of oppositely charged melanin-chitosan pairs. As the
fungal cell replicates, cell wall remodeling is required to allow budding; thus the melanized
scaffold is locally modified by secreted enzymes and allows the release of melanin granules
(Figure 12G) into the surrounding environment. A summary of C. neoformans melanin particles
analyzed with multiple microscopic techniques is shown in Figure 13.
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Figure 13. Summary of C. neoformans melanin particles visualized with different microscopic
approaches. These images are also found in Figure 2 and Figure 9.

DISCUSSION
Elucidation of the smallest fungal cell-wall melanin particle that retains its characteristics from
C. neoformans is essential to understanding how the pigment is assembled and interacts with other
cellular components. Similarly, an appreciation of melanin supramolecular structure (40) is
essential to understand how this material confers upon the fungal cell with unique biological
properties beyond microbial virulence, such as photoprotection, energy harvesting, heat gain,
thermoregulation, and metal scavenging, among others (3).
Previous structural studies on the molecular architecture of fungal eumelanins in the cell wall
have focused on the so-called melanin “ghosts”, which are macromolecular structures that retain
cellular morphology after hot acid digestion of melanized cells (16, 27, 49). Although such studies
have been extremely informative in revealing chemical aspects of melanin composition, they focus
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on structures where the pigment remains organized into a cellular carcass of what was once a
melanized cell. As such, this melanin polymer includes non-melanin components that serve to hold
the pigment together into structures with cell-like dimensions. In this study, we sought to go deeper
in searching for the building block unit of the cell-wall melanin through complementary
approaches that included prolonged acid digestion of melanin ghosts as well as to investigate the
presence of such structures in culture supernatants. Both approaches produced much smaller
melanin particles that were comparable in size and form. We then applied multiple techniques to
study these particles: SEM, TEM, and cryoEM were used to examine the surface and crosssectional images of the melanin nanoparticles. DLS was used to analyze the size distribution of
melanin particles in suspension and to probe their colloidal properties. Isopycnic centrifugation
was used to isolate melanin granules based on their buoyancy. Spectroscopic methodologies
(optical absorbance, EPR, and ssNMR) were used to probe the molecular properties of fungal
eumelanins and investigate their interaction with cell-wall components. Lastly, proteomic analysis
was conducted to identify proteins that maintained an intimate association with melanin granules.
The results demonstrate the existence of relatively monodisperse melanin granules ranging from
40 to 200 nm in diameter, depending on the approach, that manifested a monotonic broadband
absorption curve and stable EPR signal consistent with melanin. These particles are in turn
composed of melanosomes, substructural nanospheres serving as the building unit of the fungal
cell wall, functionally comparable to those described in mammalian melanization systems (66).
The small melanin particles derived from “ghosts” or culture supernatants are different from
those obtained by auto-polymerization of L-DOPA into melanin, implying differences between
the products of the biological catalytic and chemical reactions. Melanin “ghosts” can be broken
down to smaller particles by either acid digestion or sonic cavitation generating particles that are
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comparable in size to those released into the culture supernatant during C. neoformans growth
under melanizing conditions. The differences between C. neoformans derived particles and those
from auto-polymerized L-DOPA imply different synthesis, as fungal particles showed a unique
electron microscopic appearance and size. We have shown previously that C. neoformans and
synthetic melanins shared similar chemical groups in the aromatic core (18); however, differences
between these materials could stem from the fact that the production of fungal particles is vesicleassociated and catalyzed by a laccase, whereas auto-polymerization is a spontaneous oxidative
process that occurs in solution. Moreover, C. neoformans melanin granules isolated from the
extracellular media are spherical shaped and biologically synthesized particles of up to 200 nm in
diameter, similar to those isolated from natural eumelanins such as Sepia officinales (43,67), and
are found covalently bound to proteins as also reported for mammalian melanin (68).
The fungal melanin granules demonstrated a close association with four proteins relevant to
C. neoformans virulence: Cig1, Blp1, Qsp1, and CNI3590 macrophage-activating glycoprotein
(Table 1). The mannoprotein Cig1 (CNAG_01653) plays a role in iron acquisition and it is
essential for virulence in a mutant lacking the ferroxidase for high-affinity uptake (69); no defect
in melanin production is reported for the C. neoformans cig1∆ mutant (61). The hypothetical
protein containing a Barwin-like domain (Blp1) (CNAG_06346) is involved in capsuleindependent anti-phagocytosis activity and is critical for successful colonization of mammalian
lungs by C. neoformans. Blp1 is not essential for capsule formation and melanin production (63),
but this domain is reported to show binding affinity for chitin oligomers (70), suggesting a possible
association of this protein with the cell-wall chitin. The quorum sensing peptide (Qsp1)
(CNAG_03012) is a secreted central signaling molecule that acts intracellularly to control
virulence in C. neoformans and promote cell wall function at high cell densities (64,71). QSP1
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mutant strains display hypomelanization at 37˚C but no capsule reduction (64). The melanization
process requires the intracellular released of the mature Qsp1 peptide (64), which could explain
the finding of this unique sequence in our proteomic analyses of melanin granules. CNI3590
(CNAG_05312) is a GPI-anchored protein and also a secreted factor associated with virulence that
contains a carbohydrate-binding domain (62, 63), suggesting its interaction with the plasma
membrane and cell-wall components such as glucans, chitin and chitosan. Furthermore, Cig1 and
CNAG_05312 are positively regulated by the pH-responsive transcription factor Rim101, which
in turns is induced by Pka1, a catalytic subunit of the cyclic-AMP/Protein Kinase A (cAMP/PKA)
pathway (62, 72). Pka1 is known to modulate the secretion of proteins associated with virulence
and survival of C. neoformans in the host, as well as the expression of cell-wall related genes (62,
73). Similarly, Blp1, Qsp1 and CNAG_05312 are direct targets of three transcription factors
required for C. neoformans virulence: Gat201, Gat204 and Liv3 (63, 64, 74). It is noteworthy that
pka∆ mutant strains fail to produce melanin or capsule (75), whereas deletion of GAT201 reduces
the capsule size and severely attenuates virulence in a murine model but shows a hypermelanized
colony phenotype (74). In contrast, neither gat204∆ (63) nor liv3∆ (74) mutant strains exhibit
defects in melanin or capsule production. Altogether, these data strongly support the notion that
C. neoformans synthesis of melanin granules is a highly regulated process that leads to particles
with unique morphological and compositional features, whose biogenesis might be subject to
highly redundant gene networks. Although we cannot rule out that these proteins become
associated with the melanin particles in culture supernatants, covalent association of melanin to
proteins has been extensively demonstrated in mammalian melanogenesis (68). The association
between C. neoformans melanin granules and these proteins may serve complex regulatory roles
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during the biopolymer synthesis and structural functions within the granular particle or the fungal
cell wall milieu.
C. neoformans melanin granules visualized by negative staining TEM and cryoEM most likely
are formed from the aggregation of melanosomes (~30 nm in diameter), resembling the
supramolecular structure described in Sepia melanin (43) and biomimetic eumelanin (46).
Analysis of particles resulting from eumelanin synthesis via enzyme immobilization prompted the
proposal of a mechanism of hierarchical buildup of melanin by the gradual aggregation of building
block particles (type-A particles), which led to the formation of particles 200 nm in diameter (typeB particles) (46). Prior studies from our group noted that melanin ghosts are composed of smaller
melanin granules arranged in concentric layers embedded within the fungal cell wall (49). Ghost
structures revealed that the smallest melanin nanospheres with smooth appearance are seen on the
surface of early buds. We propose that as the fungal cell ages, aggregated melanosomes giving rise
to melanin granules (up to 200 nm in diameter) are embedded into the cell wall. These melanin
particles display a layered concentric arrangement guided by membranous sheets within the
cryptococcal cell wall, which becomes evident by the removal of non-pigment acid-labile cell-wall
constituents. This supramolecular structure is also consistent with the findings of previous studies
using NMR cryoporometry, which indicated that C. neoformans melanin layers have pores that
become smaller with increased cell age and progressive melanization (49).
Moreover, our micrographs showed a close association between “finger-like” plasma
membrane invaginations and melanin granules, suggesting that these membranes structures could
be involved in transport from the cytosol to the fungal cell wall. In Saccharomyces cerevisiae,
“finger-like” invaginations are sphingolipid-rich lateral domains termed MCP (membrane
compartment of Pma1) (76-78). These domains are characterized by cortical patches of fibrous
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actin involved with vesicular traffic (79), most likely associated with an “inverted
macropinocytosis” mechanism required for extracellular vesicles transport across the plasma
membrane and into the cell wall (80). Previous vesicles studies in C. neoformans have reported
invaginations of the plasma membrane (81) and revealed an intimate association with
sphingolipids and sterols (26). The exact nature of lateral membrane microdomains involved in
the vesicular transport of C. neoformans and the role of lipids in this context remains to be
elucidated.
Mammalian melanin synthesis is enzymatically driven and occurs in membrane-enclosed
compartments called melanosomes, which prevents the exposure of most cellular components to
toxic or deleterious reactants produced during the process (82). These specialized intracellular
organelles are characterized by different developmental stages (I-IV) (25) that progressively
incorporate pigment cell-specific components such as Pmel17 (83), “lipid rafts” critical for sorting
of tyrosinase and other melanogenic proteins (84). Structurally, eumelanosomes (most pigment
content corresponds to eumelanin) are aggregated structures (type-B particles) of 95-307 nm in
diameter, depending on the source, formed due to the previous assembly of 10-60 nm subunits of
small nanoparticles (type-A particles) (45). Analogous to this system, fungal melanogenesis is also
compartmentalized within a sphingolipid-enriched vesicle, depends on the laccase enzyme, and
leads to the supramolecular buildup of cryptococcal eumelanin particles that are retained within
the cell wall, where they provide protection against environmental stressors (3,85,86) and interfere
with the host immune responses (20, 87).
Our proposed model for melanization in C. neoformans is in consonance with previous
observations by our group and others. We have identified organelles showing that pigment
synthesis starts intracellularly within melanosomes, enclosed in double-layered compartments,
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which are then transferred to the cell wall to consolidate as melanin granules anchored within the
cell wall. Several pieces of evidence are presented, which can be organized into a testable model .
First, laccase is expressed within MVBs as well as in the cell wall (88,89). C. neoformans
melanized vesicles measuring between 320 to 380 nm in diameter are shown to incorporate LDOPA as an electron-dense material (27), suggesting an explanation to the increased number of
multivesicular protrusions seen in melanized versus non-melanized cells (60) (Figure 12A). Next,
aggregated melanosomes ~60 nm in diameter (Figure 12B, lower inset) may rely on MCP-like
regions of the plasma membrane that generate finger-like protrusions that mediate melanosomes’
traffic to the cell wall (Figures 12C,D). A previous study revealed that the major capsular
component (GXM, glucoronoxylomannan) was found in association with endosome-like
membranous structures possibly involved in GXM synthesis/transport (90). The plasma membrane
is a dynamic organelle compartmentalized into two lateral microdomains with specific functions
and composition (91). One of these highly conserved domains in S. cerevisiae is closely related to
an unconventional mechanism for vesicle secretion termed inverted macropinocytosis (79, 80).
Lastly, ongoing aggregation of melanin granules within the cell wall is supported by eumelanin
biomimetic studies demonstrating that consolidation of type-B particles is due to high amounts of
the laccase enzyme (46), which is in agreement with increased laccase localization at the outer
edge of the cell wall versus the inner edge (92). Melanin layered deposition on the cell wall follows
the existence of membranous sheets described in early ultrastructural studies of the cryptococcal
cell wall (93, 94) (Figure 12F); however, as we have demonstrated in this study melanin particles
are loosely associated with an acid-labile polysaccharide matrix that makes this layout within the
melanized cell wall difficult to demonstrate. Nonetheless, the concentric layered arrangement of
these granular particles ~75 nm in diameter was exposed when analyzing melanin ghosts (49, 95).
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The covalent binding of melanin to aliphatic moieties (polysaccharides, chitin/chitosan and lipids)
has been shown by ss-NMR analyses (16, 19), possibly favored via electrostatic interactions
between chitin/chitosan and melanin. Indeed, alterations in the cell-wall chitin/chitosan induced a
“leaky melanin” phenotype (31, 32, 34) or an enhanced deposition of the pigment (14). The
recovery of melanin granules in the supernatant of the culture media is explained by normal cellwall remodeling required for cellular budding (Figures 5A,B; 9A,B), which involves local
modifications of the melanin scaffold by secreted peptidases (96), chitinases (97), and glucanases
(62) that lead to melanin granules detachment from the cell wall. The model does not address the
source of strongly associated lipids with melanin granules, but rather provides new pieces of data
that should encourage experiments to continue dissecting the phenomenon of fungal cell wall
melanization.
In summary, we note remarkable parallels between cryptococcal and mammalian melanization.
We have assembled the available facts into a model for the cryptococcal melanogenesis process
that can be tested in future studies. The resemblances in these two systems, are perhaps not
surprising given that animals and fungi are close relatives in the tree of life and that the chemistry
of melanin synthesis is similar. In both systems, the melanization reaction is contained within a
vesicular structure, which protects the host cell from the cytotoxicity of reaction intermediates.
The isolation of melanin particles from culture supernatants promises to be a new source of
melanin material for studies that further unlock the details of pigment formation and for raw
materials in industrial applications include radioprotection, light harvesting, and drug delivery,
among various uses.
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MATERIALS AND METHODS
Strains
In this study, the following strains were used: C. neoformans strain H99 (serotype A), C.
neoformans ∆LAC1,2 (H99 background), and C. neoformans ST211A (H99 background) kindly
provided by Alexander Idnurm. Each strain was kept in 20% glycerol stocks at -80˚C, and thawed
on ice when needed for replication.

Cell growth and culture conditions
For fungal culture growth, a loop of the glycerol stock was inoculated into Sabouraud broth and
incubated at 30 °C for 48 h. Experiments were performed using cultures grown for 10-14 days at
30 ˚C with continuous shaking at 120 rpm in defined chemical media [minimal media (MM): 15
mM dextrose, 10 mM MgSO4, 29.4 mM KH2PO4, 13 mM glycine, 3 µM thiamine-HCl, pH 5.5]
with and without 1 mM L-DOPA.

Extended acid-hydrolysis of melanin ghosts
Melanin ghosts were isolated following the protocol previously described by Chatterjee et al (16).
Briefly, cells grown in MM with L-DOPA were collected by centrifugation and washed twice with
phosphate buffer (pH 7.4). Melanized cells were then subjected to a multiple-step enzymatic and
chemical treatment to remove cell-wall, proteins, and lipid components associated with the
melanin polymer. Consequently, the end product is a hollowed particle coated by the acid-resistant
pigment called a “melanin ghost” (59). The acid treatment step consists of incubation of the
melanized particles in 6 N HCl at 80˚C for 1 h. For the extended acid-hydrolysis, melanin ghosts
were incubated for up to 4 days including periodic addition of fresh acid solution. Aliquots at 1 h,
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24 h and 4 d were analyzed by scanning electron microscopy (SEM). The supernatant from the
acid-hydrolysis was also collected, visualized by transmission electron microscopy (TEM) and
SEM. Its particle population size was estimated by measuring the diameter using SEM
micrographs.

Transmission Electron Microscopy (TEM)
C. neoformans yeast cells or melanin particles were fixed in 2.5% (v/v) glutaraldehyde in 0.1 M
sodium phosphate buffer (pH 7.3) for 24 h at 4°C. Samples were encapsulated in 3% (w/v) lowmelting-point agarose prior to being processed in Spurr resin following a 24-h schedule on a Lynx
tissue processor (secondary 1% osmium tetroxide fixation; 1% uranyl acetate contrasting; ethanol
dehydration and infiltration with acetone/Spurr resin). Additional infiltration was conducted under
vacuum at 60°C before the samples were embedded in TAAB capsules (TAAB Laboratories,
Amersham, United Kingdom) and polymerized at 60°C for 48 h. Semithin survey sections 0.5 μM
thick were stained with 1% toluidine blue to identify the areas with the best cell density. Ultrathin
sections (60 to 90 nm) were prepared with a Diatome diamond knife on a Leica UC6
ultramicrotome and stained with 2% uranyl acetate in 50% methanol, followed by lead citrate for
examination with a JEOL 1200EX (Analytical Imaging Facility at Albert Einstein College of
Medicine) or a Philips CM120 at 80 kV (Microscopy Facility at the Johns Hopkins School of
Medicine). Negative staining of the fractions from OptiPrep density gradients was performed by
adsorbing 10 μL of each fraction to glow-discharged 400 mesh ultra-thin carbon coated grids (EMS
CF400-CU-UL) for two minutes, followed by 3 quick rinses of TBS and staining with 1% uranyl
acetate with 0.05% Tylose. Images were captured with an Gatan Orlus Digital 2K x 2K CCD
camera or an AMT XR80 high-resolution (16-bit) 8 Megapixel camera.
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Scanning electron microscopy (SEM)
Melanin particles were suspended in PBS and incubated on coverslips coated with 0.01%
polylysine and fixed with 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.3) for 24
h at 4°C. Cells and melanin particles were postfixed with 1% OsO4; dehydrated in 70%, 90%,
95%, and 100% ethanol; and critical-point dried in CO2. The cells were sputter coated with gold
using an EMitech K550 Sputter Coater and viewed in a LEO/Zeiss Field-emission scanning
electron microscope at a voltage of 10 kV.

Dynamic Light Scattering (DLS)
Dynamic light scattering (DLS) techniques gives an estimate of the size and heterogeneity of a
sample by measuring the intensity fluctuations of scattered light by particles in solution.
Measurement of melanin particles by DLS was performed with a 90Plus instrument (Brookhaven
Instruments). To assess the size of melanin ghosts after different sonication times, five hundred
microliters of a melanin ghost suspension in distilled water (1 mg/ml) was sonicated with a horned
sonicator at amplitude 5 for up to 12 minutes. Particle size of the suspension was measured at
different time points. Data are expressed as the average of 10 runs of 1 min data collection each.
To examine the colloidal properties as a function of salt concentration, 1M, 0.1 M, 0.01 M, and
0.001 M solutions of Sodium Chloride (NaCl) and Calcium Chloride (CaCl2) and 10X, 1X, 0.1X
and 0.01X Phosphate Buffered Saline solutions were used to suspend 1 µl of vesicles/granules in
100 µl of the respective salt solution. Average hydrodynamic diameter was obtained as above
mentioned.
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Isolation of melanin granules
The isolation of melanin granules from C. neoformans was performed in two phases: 1) Isolation
a mixture of extracellular vesicles and melanin granules from the culture supernatant herein called
crude melanin granules, and 2) Isolation of melanin granules by density gradient. For the first
phase, yeast cells were pelleted at 5,000 rpm (SLA rotor, Sorvall) for 30 min at 4˚C. The
supernatant was filtered through a 0.22 µm pore filter (Millipore Sigma, USA) and pelleted at
100,000 x g for 1 hour at 4 ˚C, with a slow break (SW28 rotor, Beckman Coulter). The pellet was
suspended in 1X Dulbecco’s Phosphate-Buffer Saline (DPBS) without calcium and magnesium
(Corning, USA) and washed twice with the same buffer. The pellet (crude melanin granules) was
suspended in approximately 500 µl of 0.1X DPBS and stored at -80°C until further analysis. For
the second phase, OptiPrepÔ solution (60%) dilutions were made in 10 mM HEPES, 0.85% NaCl
at pH 7.4. The crude melanin granules were mixed with undiluted OptiPrepÔ to make a 45%
solution that was layered at the bottom of the gradient. The gradient was comprised of 45%, 35%,
30%, 25%, 20% and 15% layers in the ratio 0.4:3:3:2:2:1 for a total volume of 3 ml. The gradient
was spun at 50,000 rpm for 10 hours (SW Ti55 rotor, Beckman Coulter) to allow the vesicles and
granules to equilibrate at their respective densities. Five equal volume fractions were collected
from each tube.

UV-Visible analysis
The absorption properties of crude vesicle samples were analyzed with UV-Vis spectroscopy using
a SpectraMax M2 microplate reader (Molecular Devices, USA). The spectra were recorded in the
wavelength range of 300 to 800 nm.
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Electron Paramagnetic Resonance (EPR)
Suspensions of melanin samples (~2 mg) in 150 µl distilled water were sonicated for 1 min using
a horned sonicator. Equal volumes of appropriated buffer (distilled water at pH 2.0, 7.0, 12.0 or
0.1 M ZnCl2) was added. Using a glass long-tip transfer pipette, each sample was placed in a 4mm precision-bore quartz EPR tubes and frozen by immersion in liquid nitrogen. The EPR spectra
were recorded at 77 ˚K using a Bruker EMX EPR spectrometer operating in X-band mode.
Experimental parameters were as follows: modulation amplitude, 10 G; microwave power, 6.362
mW; modulation frequency, 100 kHz; microwave frequency, 9.43 GHz; attenuation, 15 dB;
number of scans averaged, 20. Data acquisition was performed using WinEPR software (Bruker).
All spectra were obtained under identical instrumental conditions. Light irradiation of samples was
carried out at room temperature for 20 min using a 250 W cool white light operating at 4000K.

Solid-State Nuclear Magnetic Resonance (ssNMR)
Solid-state NMR experiments were carried out on a 600 MHz Varian (Agilent) DirectDrive2
(DD2) spectrometer using a 1.6 mm FastMAS probe (Agilent Technologies, Santa Clara, CA,
USA) with a magic-angle spinning (MAS) rate of 15.00±0.02 kHz and a nominal spectrometer-set
temperature of 25 ˚C. All spectra were acquired on

13

C-enriched samples obtained from a C.

neoformans ST211A cell culture containing [U-13C6]-glucose and natural abundance L-DOPA as
the sole carbon source and obligatory melanization precursor, respectively. Average postlyophilization sample masses post lyophilization were ~1-3 mg for the pelleted cellular material
containing melanin granules and ~5-7 mg for the melanin ghosts. The typical 90 degree pulselengths for the 13C cross-polarization (CPMAS) experiments were 1.65 μs for 1H and 2.25 μs for
13

C, respectively. As described previously (18), 1H decoupling using the small phase incremental
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alternation pulse sequence (SPINAL) with a field strength of ~180 kHz was applied during signal
acquisition. The 2D

13

C-13C through-space dipolar assisted rotational resonance (DARR)

correlation experiments were collected using a 50 ms mixing time with similar 1H and

13

C 90-

degree pulse-lengths and decoupling field strength as described for the 13C CPMAS experiments.

CryoEM
Five microliters of purified C. neoformans melanin granules (~3 mg) was applied to a 300 mesh
copper grid coated with a holey carbon film; and vitreously frozen in liquid nitrogen-cooled ethane
using an FEI Vitrobot Mark IV device. The sample was transferred to a Gatan 626/70° cryotransfer holder; and observed in an FEI Talos S200C transmission electron microscope operating
at 200 kV. Images were collected with a Falcon 2 direct-electron detector camera; and processed
in Adobe Photoshop CS6 with only linear adjustments in brightness and contrast.

Proteomic analysis using mass spectrometry
C. neoformans isolated melanin granules and the equivalent fraction from non-melanized material
(~3 mg of each sample) were treated following a protocol described previously (98). Briefly,
samples were subjected to in-solution digestion by resuspending in a solubilization buffer [8 M
urea, 10% acetonitrile in 100 mM ammonium bicarbonate (pH 8.5)], flash frozen and thawed in a
water bath at 30 ˚C for three rounds. Each sample was sonicated briefly on ice (10 s, horned
sonicator at maximum amplitude) and mixed using a vortexer. Next, samples were reduced with
10 mM dithiothreitol (DTT) (Sigma) at 51˚C for 1 h and carboxyamido-methylated with 20 mM
iodoacetamide (Sigma) for 45 min in the dark at room temperature. Subsequent digestions with
Endo-Protease Lys-C (Roche Diagnostics, USA) and trypsin (1:20 enzyme/protein ratio) for 6 h
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and 10 h, respectively, were performed at room temperature. The reaction was stopped via addition
of 10% trifluoroacetic acid (TFA) and incubation for 30 min at 37 ˚C. Lastly, samples were
centrifuged for 15 min at 20,800 g, supernatants were individually transferred to low-protein
binding 1.5 ml tubes (Eppendorf) and completely dried in acid-resistant CentriVap vacuum
concentrator (Labconco). Peptides were resuspended in 40 µl of 0.1% TFA and stored at -80˚C
until the mass spectrometric analysis could be performed. Digested samples were cleaned up on
an Oasis HLB micro-elution plate and evaporated to dryness. The samples were taken up in 2%
acetonitrile, 0.1% formic acid then vortexed and centrifuged before placing into a 96 well plate.
The samples were injected using an EasyLC into a QE-Plus (Thermo Scientific) mass spectrometer
and eluted over a 90 minute gradient from 100% buffer A (2% acetonitrile, 0.1% formic acid) to
100% buffer B (90% acetonitrile, 0.1% formic acid) with an MS resolution of 70,000 and an MS2
resolution of 35,000 running a top 15 DDA method. Target values for MS and MS2 were set at
3e6 and 1e5 with 100 and 150 milliseconds, respectively and a normalized collision energy of 28.
Data were searched against the Cryptococcus neoformans database (Broad Institute, November
2016) using PEAKS version 7 (Bioinformatics Solutions Inc., Waterloo, ON, Canada) using a
peptide tolerance of 5 ppm and a fragment ion tolerance of 0.02 daltons. Enzyme specificity was
set to semi specific trypsin with 2 missed cleavages allowed and variable carbamidomethyl C,
oxidation M, and deamidation N,Q. Search results were reported at a 1% FDR for all peptides.

In silico predictions
Bioinformatic analyses to identify the presence of signal peptide and glycophosphatidylinositol
(GPI) anchor were performed using SignalP v. 5.0 (99) and GPI-SOM (100), respectively.
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Melanin deposition in two Cryptococcus species depends on cell-wall composition and
flexibility

ABSTRACT
Cryptococcus neoformans and Cryptococcus gattii are two species complexes in the large fungal
genus Cryptococcus and are responsible for potentially lethal disseminated infections. These two
complexes share several phenotypic traits such as production of the protective compound melanin.
In C. neoformans, the pigment associates with key cellular constituents that are essential for
melanin deposition within the cell wall. Consequently, melanization is modulated by changes in
cell-wall composition or ultrastructure. However, whether similar factors influence melanization
in C. gattii is unknown. Herein, we used transmission EM, biochemical assays, and solid-state
NMR spectroscopy of representative isolates and “leaky melanin” mutant strains from each species
complex to examine the compositional and structural factors governing cell-wall pigment
deposition in C. neoformans and C. gattii. The principal findings were the following. 1) C. gattii
R265 had an exceptionally high chitosan content compared with C. neoformans H99; a rich
chitosan composition promoted homogenous melanin distribution throughout the cell wall but did
not increase the propensity of pigment deposition. 2) Strains from both species manifesting the
leaky-melanin phenotype had reduced chitosan content, which was compensated by the production
of lipids and other non-polysaccharide constituents that depended on the species or mutation. 3)
Changes in the relative rigidity of cell-wall chitin were associated with aberrant pigment retention,
implicating cell-wall flexibility as an independent variable in cryptococcal melanin assembly.
Overall, our results indicate that cell-wall composition and molecular architecture are critical
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factors for the anchoring and arrangement of melanin pigments in both C. neoformans and C. gattii
species complexes.

INTRODUCTION
Unlike rigid walls made of bricks or stones, microbial cell walls are flexible and highly
dynamic structures. Fungal cell walls undergo constant change during budding, cell growth, and
yeast-to-hyphal cell transition. The fungal cell wall has such flexible viscoelastic properties that
that it can allow the transit of liposomes (1). These external complex assemblies are sufficiently
strong to protect the cell from the internal turgor pressure and from the outer environment, while
also acting as molecular sieves that allow the intake of nutrients and the export of fungal products.
Microbial cell walls are assembled from carbohydrates, proteins, and lipids in diverse architectures
that depend on the fungal genus. In particular, fungal walls contain branched polysaccharides
(mainly ß-glucans) and mannoproteins, which are complexed with lipids, pigments, and inorganic
salts (2, 3). Our current knowledge of fungal cell biology comes primarily from decades of research
on model organisms such as Saccharomyces cerevisiae, Schizosaccharomyces pombe, Candida
albicans, and Aspergillus fumigatus, which have laid the groundwork for studies on the
cryptococcal cell wall (4-8). However, each of these organisms belongs to the ascomycetes, which
have a very different cell wall organization from the basidiomycetes (5, 6, 9).
Among the basidiomycetes, the genus Cryptococcus includes over 70 species of
environmentally ubiquitous saprophytic encapsulated yeasts, of which two species complexes
(10), C. neoformans and C. gattii, are relatively common causes of potentially fatal cryptococcal
disease. C. neoformans is found worldwide in association with avian excreta (11, 12) or soil (13)
and is the primary etiological agent of cryptococcal meningoencephalitis in immunocompromised
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patients, e.g., those infected with HIV/AIDS. On the other hand, C. gattii is found commonly in
subtropical regions associated with various tree species, notably eucalyptus, and causes disease
primarily in immunocompetent individuals (14). Infection by both cryptococcal species is acquired
by inhalation of a spore or a desiccated yeast. Thus whether an infection is cleared, becomes latent,
or progresses to cryptococcosis depends on the integrity of an individual’s immune system and the
Cryptococcus species associated with the incursion (15). From an evolutionary perspective, these
cryptococcal species are thought to have diverged from a common environmental saprophyte
ancestor somewhere between 30-40 (16, 17) and 100 million years ago, a time that coincided with
the breakup of the supercontinent Pangea that has been proposed to have contributed to
cryptococcal speciation (18). Nevertheless, they have retained extraordinarily similar microbial
traits in presumed response to selective pressures in both ecological and animal niches (19). A
prime example of these traits is a robust cell wall coated by a polysaccharide capsule and reinforced
with melanin pigments (20-22).
Melanins are complex heterogeneous polymers of phenolic and/or indolic origin
characterized by a dark color, insolubility in most solvents, and the possession of a stable free
radical signature (23, 24). These natural pigments are synthesized by members of all biological
kingdoms and have a wide array of functions. In the environment, melanin provides Cryptococcus
spp. with protection against desiccation, predation by microorganisms, and ultraviolet radiation;
in mammalian hosts, it alters cytokine production, offers resistance to reactive oxygen species, and
diminishes phagocytosis (25-27). Whereas cryptococcal melanin is known to be composed of
oligomers or polymers of cyclized catecholamines such as 3,4-dihydroxy-phenylalanine (LDOPA) (28, 29), its insoluble and amorphous characteristics have hampered the elucidation of the
pigment’s detailed molecular architecture within the cellular milieu. Recent analyses using high
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resolution solid-state nuclear magnetic resonance (ssNMR) have revealed that aliphatic groups
derived from cell-wall components such as polysaccharides (e.g., chitin) serve as a scaffold for the
progressive incorporation of melanin pigments into the cryptococcal cell wall (30, 31).
Furthermore, the identity of the melanin precursor (norepinephrine, epinephrine, methyl-L-DOPA,
L-DOPA) alters the pigment structure as well as the polysaccharide- and lipid-based cellular
scaffold associated with its deposition (32, 33). These analyses dovetail with previous reports in
other fungi (34-36) as well as in insects (37), where an intimate association between melanin and
the chitin polysaccharide was described. Conversely, several studies using both C. neoformans and
C. gattii demonstrated that strains defective in the chitin/chitosan biosynthetic machinery are
unable to retain melanin within the cell wall, thus yielding a “leaky melanin” phenotype
characterized by visual detection of the pigment in the culture medium or agar surrounding the
cells (38-40).
In the present work, we employ magic-angle spinning (MAS) ssNMR assisted by
isotopically labeled reagents and other supporting biochemical techniques to focus on the cell-wall
structure of the two most clinically relevant cryptococcal isolates: C. neoformans H99 and C. gattii
R265. Our results demonstrate that both polysaccharides, and particularly chitosan, together with
lipids, play critical roles in anchoring and layering melanin within the cryptococcal cell wall.

RESULTS
Melanized yeast cells of C. gattii R265 display notably augmented and condensed deposition
of the pigment within the cell wall. Upon light microscopy examination of melanized cells from
two isolates representing the C. neoformans and C. gattii species complexes, H99 and R265,
respectively, we observed that a subset of C. gattii R265 cells displayed highly pigmented cell
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walls, which were not observed for C. neoformans H99 (Figure 1). The mean cell body and capsule
sizes were also observed to differ between the two species (Figure S1). Multiple studies have
established that the molecular architecture of the C. neoformans cell wall directly influences the
deposition and retention of melanin pigments (31, 38, 39, 41-43). Consequently, we tested the
generality of cell-wall ultrastructural characteristics associated with melanin deposition by using
transmission electron microscopy (TEM) to further compare the melanized cell walls of C.
neoformans H99 to C. gattii R265, which is a strain from the VGIIa molecular subtype reported
to exhibit robust melanin production at 37 ˚C (44-46). We observed significant differences in the
ultrastructural properties of C. neoformans H99 and C. gattii R265 (Figure 2). TEM revealed that
the C. neoformans H99 melanized cell wall had a heterogeneous pigment distribution characterized
by multiple layers of variable electron density (Figure 2A, top) which is consistent with previous
studies conducted by our group (42). In contrast, the melanin pigments embedded in C. gattii R265
cell walls were found to be more uniformly distributed, forming just two highly electron-dense
layers that closely surrounded the cell body (Figure 2A, bottom). The melanized cell walls of C.
gattii R265 cells were additionally observed to have a significantly smaller thickness in
comparison to C. neoformans H99 (Figure 2B), a finding that could be attributed to the compact
arrangement of their melanin pigments.
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Figure 1. A subset of C. gattii R265 melanized cells exhibit highly pigmented cell walls.
Representative images of non-melanized and melanized yeast cells of C. neoformans H99 and C.
gattii R265 visualized by light microscopy using India ink counterstaining. Over three-hundred
cells were counted at 40x magnification in five different fields. Highly melanized C. gattii R265
cells showing enhanced cell-wall pigmentation (red arrows) corresponded to 7.5% of the total.
Scale bar, 10 µm.
Interestingly, the phenotype displayed by C. gattii R265 cells was similar to that observed
in C. neoformans H99 cells supplemented with N-acetylglucosamine (GlcNAc) (42). Prior work
by our group demonstrated that C. neoformans H99 cells grown in the presence of 1 or 5 mM
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GlcNAc displayed a more uniform arrangement of cell-wall melanin pigments as well as
diminished cell-wall and cell-body diameters in comparison to non-supplemented control cells
(42). We hypothesize that these morphological changes result from differences in the cell-wall
composition of C. gattii, in analogy with GlcNAc-supplemented C. neoformans H99 cells that
were found to have a relatively larger amount of cell-wall chitosan than controls. Therefore, our
current results suggest that the chitinous composition of C. gattii R265 cell walls could favor
enhancement of melanin deposition in a condensed and uniform manner.
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Figure 2. The melanized cell wall of C. gattii R265 reveals a compact and uniform deposition
of melanin pigments. (A) Representative cross-sectional transmission electron micrographs of C.
neoformans H99 (top) and C. gattii R265 (bottom) melanized yeast cells. The magnified images
show a close-up view of the cell wall with dashed lines to illustrate the difference in layered
melanin pigment arrangement between these two cryptococcal isolates, possibly attributable to
their cell-wall chitinous compositions. Scale bar, 500 nm. (B) Measurement of C. neoformans H99
and C. gattii R265 melanized cell-wall thickness. Data were obtained by measuring 12-18 cells
per strain (5 measurements per cell) and analyzed using the Mann-Whitney test, two-tailed P value
with 99% confidence level. Error bars represent 95% confidence interval of the median.

The “leaky melanin” phenotype is associated with decreased levels of chitosan in both C.
neoformans and C. gattii mutant strains. The leaky melanin phenotype refers to the observation
that some Cryptococcus spp. mutants appear unable to retain melanin in the cell-wall and instead
release the pigment into the culture medium exterior to the cell (38, 39). To test the proposed
correlation of melanin deposition and retention with chitinous molecular composition in C. gattii
R265 melanized fungal cells, we conducted a biochemical measurement of chitin and chitosan
content using the MBTH colorimetric assay, as reported previously in GlcNAc-supplemented C.
neoformans H99 cells (42). As hypothesized above, the cell-wall chitosan content of C. gattii R265
WT cells was found to be nearly threefold greater than in C. neoformans H99 WT cells (Figure
3A). Although the change in the chitin-to-chitosan ratio associated with this increase was not
statistically significant (Figure 3B), C. gattii R265 cell walls also contained a relatively higher
overall amount of total chitinous material (chitin plus chitosan) than C. neoformans H99 (Figure
3A).
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Figure 3. Cryptococcal strains defective in the retention of cell-wall melanin exhibit
decreased levels of cellular chitosan. (A) Biochemical determination of chitin and chitosan using
the MBTH colorimetric reaction measured at 650 nm. Reduction in the cell-wall content of
chitinous polysaccharides, primarily attributable to chitosan contribution, is associated with the
leaky-melanin phenotype in both C. neoformans ST211A and C. gattii Cg53 strains. ANOVA with
a Bonferroni post hoc test indicated significant differences between groups. (B) Chitin-to-chitosan
ratio. A boost in the chitin-to-chitosan ratio correlates with the leaky melanin phenotype
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independently of the Cryptococcus species. All data represent an average of three independent
biological experiments. Error bars represent standard deviation from the mean.
To further investigate whether a reduction in chitosan content was responsible for
compromised pigment retention in both Cryptococcus species, we assessed the cell-wall chitin and
chitosan content of two other leaky-melanin strains previously identified for C. neoformans and
C. gattii, ST211A, and Cg53, respectively (40). The ST211A mutant has a frame shift in the CSR2
gene (A. Idnurm, personal communication, GenBank accession MK609896), along with a T-DNA
insertion elsewhere in the genome. The Cg53 mutant has a T-DNA insertion in the CHS3 gene;
the phenotype was complemented by transformation with a wild type CHS3 gene. Chs3 is a chitin
synthase that is an integral membrane protein, and Csr2 is an accessory protein to chitin synthase,
which is membrane associated likely via a C-terminal prenyl group (39). Both genes have been
shown to be required for chitosan production in C. neoformans, and these two proteins have been
hypothesized to form a membrane-bound complex that synthesizes the chitin that is then converted
to chitosan (39). Whereas absolute levels of chitin were found to be similar for all four strains,
including parent and leaky mutants, the chitosan absolute and proportional content for both the C.
neoformans ST211A and C. gattii Cg53 mutants exhibited significant reductions in comparison to
their respective parent strains (Figure 3A), and consequently, higher chitin-to-chitosan ratios
(Figure 3B). Interestingly, the lowered chitosan level of the C. gattii Cg53 mutant resulted in a
chitin-to-chitosan ratio similar to that of C. neoformans H99, suggesting a dependence of aberrant
pigment retention on other compositional or structural changes of the scaffold. These findings
suggest that diminished cell-wall chitosan content may be a feature common to cells from leaky
mutant strains regardless of the Cryptococcus species, underscoring the likely importance of this
polysaccharide for anchoring of melanin to the cryptococcal cell wall. Moreover, these data
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support the contention that the phenotypic traits shared by melanized C. gattii R265 and GlcNAcsupplemented C. neoformans H99 cells are due to increased cell-wall chitosan content, which
could promote uniform melanin pigment deposition and consequently result in diminished cellwall thickness.

The condensed pigment arrangement in melanized C. gattii R265 yeast cells does not result
in increased melanin deposition. In our prior work, supplementation with GlcNAc was
determined to augment the chitin-to-chitosan ratio of C. neoformans H99 cells, and increased
levels of chitosan were correlated with greater cell-wall pigment deposition and retention, as
evidenced by a greater mass yield of melanin ghosts with a relatively higher pigment content than
non-supplemented cells (42). Melanin ghosts are fungal pigment structures isolated via a
degradative process that includes treatment with hot acid. Nevertheless, due to the insoluble and
recalcitrant nature of melanin, a variety of cellular remnants remain associated with the pigment,
resulting in structures that resemble hollowed-out yeast cells and thus are referred to as ‘melanin
ghosts.’ The relative pigment content of melanin ghost samples can be estimated using ssNMR
spectroscopy and serves as a measure of fungal melanin deposition.
Thus, to determine whether the substantial chitosan content of C. gattii R265 is associated
with increased cell-wall pigment deposition, quantitatively reliable 13C direct polarization magicangle spinning (DPMAS) spectra were acquired for melanin ghosts isolated from both C.
neoformans H99 and C. gattii R265 cells. The relative content of indole-based pigment was
estimated by comparing the aromatic region peak area (shaded) to the total signal area of each
spectrum. Interestingly, aromatic signals comprised 35% of the C. neoformans total spectral area,
whereas only 30% of the C. gattii melanin ghost total signal intensity was attributable to the
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pigment (Figure 4A). Furthermore, C. neoformans H99 yielded a greater dry mass of melanin
ghosts than C. gattii R265 (20.7 mg vs. 16.6 mg, respectively) (Figure 4B). In the context of our
other data, this finding indicates that the condensed pigment deposition exhibited by C. gattii R265
melanized cell walls does not translate into an overall increase in its content.
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Figure 4. C. neoformans H99 yields a greater mass of melanin ‘ghosts’ with a relatively higher
pigment content than C. gattii R265. (A) Representative 1D

13

C DPMAS spectra of melanin

ghosts generated from C. neoformans H99 and C. gattii R265 parent strain cell cultures. The
shaded region (110-160 ppm) represents the relative contribution of signal intensity attributable to
the indole-based melanin pigment. The peak at ~130 ppm arises from the unsaturated carbons of
fatty acids and thus was excluded from the shaded region. (B) Estimation of pigment content
relative to retained cellular constituents obtained from quantitatively reliable 13C DPMAS spectra
(bar graph) and measurement of melanin ghost mass (line graph). The data represent the mean of
results from three independent trials. The standard deviation from the mean was less than 0.01%
for the relative aromatic pigment content measurements and thus the error bars are too small to be
visible. The error bars displayed represent the standard deviation from the mean melanin ghost
mass generated from each isolate.

Lipid and polysaccharide constituents are retained differentially in leaky melanin ghosts and
with species-specific relative compositions. In light of our finding that the C. gattii leaky mutant
Cg53 had a similar chitin-to-chitosan ratio to the C. neoformans H99 strain, we sought a more
comprehensive accounting of the compositional and architectural factors that distinguish the parent
and leaky mutant strains of each Cryptococcus species. A quantitative

13

C solid-state nuclear

magnetic resonance (NMR) analysis was carried out for melanin ghosts generated from cell
cultures containing uniformly

13

C-enriched glucose as the sole carbon source and natural-

abundance L-DOPA as the obligatory melanization precursor. Because cryptococcal species are
unable to synthesize melanin pigments from nutrient sources (47), the provision of [U-13C]-glucose
results in selective incorporation of the stable

13
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C isotope into glucose-derived non-pigment

moieties. Thus, the resulting spectra display signals attributable solely to the aliphatic constituents
that survive the degradative melanin ghost isolation protocol (Figure 5). This strategy allowed us
to estimate the relative amounts of long-chain lipid, polysaccharide, and ‘other’ non-pigment
components in these melanin ghost samples by acquiring quantitatively reliable

13

C DPMAS

spectra and comparing peak integrals expressed as fractions of the total integrated NMR signal
intensity across the spectrum. The constituents retained by the ghosts should then reflect the
adherence of the pigment and the architectural features that offer protection from chemical and
enzymatic degradation.
Upon visual inspection, the spectra of the four [U-13C]-glucose-labeled melanin ghost
samples appeared largely similar: they each displayed signals corresponding to cell-wall
polysaccharides (~55-105 ppm) as well as saturated and unsaturated long-chain methylene carbons
(~30 and 130 ppm, respectively) (Figure 5A). However, quantitative analysis revealed
considerable compositional differences among the four strains. Although resonances consistent
with long-chain fatty acids ((CH2)n and CH3) that are primarily attributable to triacylglycerides (C.
Chrissian, personal communication) accounted for the majority of signal intensity in each
spectrum, their relative contributions in wild-type parent versus mutant strains exhibited opposite
trends for the two Cryptococcus species. Whereas the melanin ghosts isolated from the C.
neoformans ST211A leaky strain were slightly poorer in lipids than H99 (60% vs. 68%), C. gattii
Cg53 leaky ghosts had a greater proportion of lipids in comparison to the R265 sample (73% vs.
62%) (Figure 5B).
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Figure 5. The relative composition of retained cellular constituents differs between C.
neoformans and C. gattii leaky mutant and parent strain melanin ghosts. (A) 1D 13C DPMAS
spectra of melanin ghosts generated from C. neoformans and C. gattii parent and leaky-melanin
strain cell cultures containing [U-13C6]-D-glucose as the sole carbon source. (B) Measurement of
each cellular constituent type relative to the total amount of retained non-pigment moieties
obtained from quantitatively reliable 13C DPMAS spectra. PolyS, polysaccharide. Each spectrum
is normalized by setting the largest peak to full scale. The top of the largest peak was cropped to
improve the visibility of smaller peaks.
The peaks corresponding to polysaccharide carbons contributed only a minor
proportion of the overall signal intensity in each spectrum. In C. neoformans, the relative
polysaccharide content was essentially invariant for melanin ghosts isolated from H99 versus
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ST211A mutant cells (8.5% vs. 7.3%). Both samples displayed similar lipid-to-polysaccharide
ratios (8.1 vs. 8.2 for parent and mutant, respectively) despite the diminished lipid percentage in
the ST211A ghosts. Interestingly, the most substantial difference between the parent and leaky C.
neoformans samples was the relative contribution of constituents other than long-chain methylenes
or polysaccharides (23% vs. 33%) (Figure 5B). The ST211A melanin ghost sample displayed a
visibly greater percentage of signal intensity in the ‘other’ spectral region between ~110-160 ppm
than the H99 sample. Sharp peaks appearing in this chemical shift range are typically attributable
to double-bonded carbons from unsaturated fatty acid chains, and thus, the ~130 ppm resonances
are categorized as lipids. However, the broad underlying components in this spectral region
suggest a collection of relatively rigid, less motionally averaged conjugated moieties that are
currently unassigned and under further investigation.
Despite the modest quantitative contributions of polysaccharide carbon signals apparent in
both C. neoformans spectra, the polysaccharide proportion in C. gattii was nearly twofold greater
in R265 ghosts compared with the Cg53 mutant (13% vs. 7.0%). The compositional differences
between the two C. gattii samples are further underscored by the significantly higher lipid-topolysaccharide ratio of Cg53 (10.4, compared with 4.6 for the parent strain), which results from
concurrently increased lipid and decreased polysaccharide levels. Thus, from a compositional
perspective, our 13C NMR measurements revealed that leaky melanin phenotypes could result from
a mix of constituent classes that is particular to the Cryptococcus species: elevated ‘other’
materials comprising unidentified aromatic ring structures for C. neoformans or an enhanced lipidto-polysaccharide ratio for C. gattii.
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2D 13C-15N NMR spectroscopy establishes chitin and chitosan as glucose-derived constituents
retained by melanin ghosts. Although the MBTH assay provided a practical means to correlate
changes in chitin-to-chitosan ratios with the leaky melanin phenotype in both Cryptococcus
species, this approach is not practical for melanized fungal samples and falls short of revealing the
macromolecular architecture of these polysaccharides within the underlying cellular scaffold.
Moreover, the recalcitrant nature of melanin would require very harsh chemical or enzymatic
procedures to isolate the pigment-associated cellular constituents from ghost samples, risking
hydrolysis in an effort to achieve identification and characterization. Instead, we have previously
used solid-state 2D 13C-13C NMR of [U-13C]-glucose-labeled ghosts to obtain 13C chemical shifts
and structural connections that implicate the acetyl group of chitin (31). Although chitosan lacks
distinctive carbon-containing structural features that could distinguish it from the multitude of
other moieties present in 13C NMR spectra of melanin ghosts, along with chitin it is unique among
polysaccharides in possessing nitrogenous functional groups. Thus, we prepared melanized C.
neoformans H99 cell cultures containing [U-13C]-glucose and 15N-glycine as the sole carbon and
nitrogen sources, respectively, to verify that chitosan and chitin were components of the melanized
cell-wall scaffold. 15N NMR spectra of the ghosts (data not shown) displayed signals from chitin
(123 ppm) and chitosan (35 ppm) (48,49), and definitive identifications could be made from 2D
13

C-15N Transferred Echo Double Resonance (TEDOR) experiments that identify spatially

proximal 13C-15N pairs (Figure 6) (50, 51).
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Figure 6. C. neoformans H99 melanin ghosts contain highly deacetylated chitosan. 2D 13C15

N TEDOR spectra of C. neoformans H99 melanin ghosts generated from cell cultures containing

[U-13C6]-D-glucose and

15

N-glycine as the sole carbon and nitrogen sources, respectively.

Coherence transfer periods of 1.40 and 4.00 ms were used in separate experiments to obtain
proximal carbon-nitrogen pairs separated by distances corresponding to ~1 bond length (light
purple contours) and ~2 bond lengths (dark purple contours). The boxed numbers displayed on the
chitin N-acetyl glucosamine (GlcNAc) and chitosan glucosamine (GlcN) monomeric units denote
the bond distance between each 13C-15N nuclear pair.
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Depending on the experimental parameters, the TEDOR contour plot displays proximal
13

C-15N pairs located within selected distance ranges up to 5-6 Å. We acquired two complementary

spectra that distinguished correlations involving

13

C-15N nuclei with intervening distances

corresponding to 1-2 bonds from longer-range pairs at distances up to 3 bonds. The short-distance
melanin ghost 2D TEDOR plot (Figure 6, dark purple contours) displayed three prominent crosspeaks attributable to proximal

13

C-15N pairs (that are also directly bonded in the structures) in

chitinous polysaccharides: the amide nitrogen of chitin is covalently linked to the C2 ring carbon
(55 ppm 13C x 123 ppm 15N) and also to the carbonyl carbon of the acetyl group (174 x 123); the
amine nitrogen of chitosan is linked to the C2 ring carbon (57 x 35). The correlations displayed in
the long-distance TEDOR spectrum of melanin ghosts (Figure 6, light purple contours) further
substantiate identification of the two principal nitrogenous constituents as chitin and chitosan:
three additional cross-peaks involving the 123-ppm chitin amide nitrogen are unambiguously
identifiable as intramolecular correlations with the methyl carbon of the acetyl group (24 x 123),
C1 (104 x 123), and C3 ring carbons (73 x 123), respectively, each located two bonds away.
Similarly, correlations between the chitosan amino nitrogen at 35 ppm are observed with C3 (72
x 35) and with C1 carbons situated in slightly different chemical environments (~90-100 x 35).
Although chitosan is often referred to as the deacetylated form of chitin, it would more
accurately be classified as a binary heteropolysaccharide, since a percentage of the glucosamine
residues remain acetylated (52). The C1 carbon participates in forming the glycosidic bond that
links two adjacent monosaccharide units; consequently, its chemical shift is influenced by the
acetylation state of the succeeding residue and can provide information about the number and
distribution of acetylated units within a chitin/chitosan polymer. The chitosan C1 correlations we
observe in the TEDOR spectrum have carbon chemical shift values that span a 10-ppm range of
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upfield values below 100 ppm (Figure 6), consistent with a highly deacetylated chitosan in which
the glucosamine units have slightly different magnetic environments depending on their proximity
to sparse acetylated units with a ‘non-sequential random distribution’ (52-54). These findings
imply that the chitinous material in C. neoformans melanin ghosts comprises distinct polymers of
N-acetylglucosamine (chitin) and glucosamine (chitosan), suggesting the possibility that they
originate from different regions of the cell wall and play contrasting roles in the deposition of
melanin pigments.

Melanin retention is associated with the flexibility of the cell-wall polysaccharide network.
Thus far, a substantial body of evidence from our group and others has indicated that the cell-wall
balance between chitin and chitosan directly influences the retention of melanin pigments (38, 39,
42). However, the possible changes in macromolecular architecture or chitin-chitosan
arrangements that could promote or inhibit pigment retention have not been explored. To compare
the molecular-level structural features of the chitin-chitosan network within the melanized cell
walls of C. neoformans and C. gattii, including cells from both parent and “leaky” mutant strains,
we examined the [U-13C]-glucose-enriched ghost samples using the 2D 13C-13C Dipolar Assisted
Rotation Recoupling (DARR) solid-state NMR experiment. The parameters were optimized to
detect proximal pairs of 13C-13C nuclei separated by distances corresponding to ~1 bond length.
To analyze the DARR contour plots in Figure 7, we followed a roadmap to key

13

C

chemical shift assignments that was provided by the 13C-15N TEDOR data of Figure 6. Thus, the
TEDOR spectra of [U-13C,15N]-enriched C. neoformans H99 melanin ghosts served to distinguish
chitosan from the numerous other carbon-containing moieties in the [U-13C]-glucose-enriched
DARR spectra: whereas the majority of polysaccharides have C1 ring carbons that resonate at 100-
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105 ppm, the C1 carbon chemical shift observed for chitosan reflects the highly deacetylated form
of this polymer. As noted above, this value can vary between 90 and 100 ppm according to the
acetylation state of its adjacent sugar units. The corresponding cross-peaks in the 13C-13C DARR
spectrum can then be taken to correlate with proximal ring carbons located one bond (C1-C2, 98
x 57 ppm) or two bonds (C1-C3, 98 x 73; C1-C5, 98 x 75 ppm) apart (Figure 7A-D).

Figure 7. Cell-wall chitin flexibility is augmented in C. neoformans and C. gattii leaky mutant
strain melanin ghosts. Top row: 2D

13

C-13C DARR spectra (50 ms mixing time) of melanin

ghosts generated from cell cultures containing [U-13C6]-D-glucose as the sole carbon source.
Cross-peaks represent proximal carbon pairs separated by distances corresponding to ~1 bond
length. Middle row: 98 ppm cross-sections displaying chitosan C1 correlations. Bottom row: 104
ppm cross-sections displaying chitin C1 correlations. (A), (E), (I) C. neoformans H99 (WT). (B),
(F), (J) C. neoformans ST211A (leaky). (C), (G), (K) C. gattii R265 (WT). (D), (H), (L) C. gattii
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Cg53 (leaky). The vertical scale of the 2D spectra was adjusted such that all significant crosspeaks are visible, and the same numbers of contours are displayed for the carbonyl resonance at
173 ppm. The 1D cross-sections were adjusted by setting the largest peak to full scale.
Although a common set of intramolecular correlations involving the chitosan C1 ring
carbon was displayed in the 13C-13C DARR plots of the melanin ghost samples isolated from all
strains, the relative signal intensities of the cross-peaks with respect to their parent diagonal peaks
varied noticeably among the four spectra. Strong signals signify large dipole-dipole interactions
between a pair of carbon nuclei; for interactions within a sugar ring that has defined intramolecular
distances, they report on the degree to which the structure is well defined. One-dimensional 98ppm ‘slices’ from the 2D DARR plots of ghost samples from each leaky strain were found to
display significantly attenuated chitosan correlations relative to those observed in the spectra of
their respective parent strains, demonstrating partial averaging of the pairwise dipolar interactions
and attributable to molecular disorder and/or flexibility in the solid state (Figure 7E-H). The
reduction in chitosan cross-peak intensity was especially pronounced in the spectrum of the C.
neoformans ST211A leaky strain (Figure 7F). Overall, however, the chitosan-rich composition of
the C. gattii parent strain produced more robust chitosan correlations for R265 ghosts (Figure 7G)
in comparison to H99 samples (Figure 7E). As a result, the chitosan cross-peak signal intensities
were rendered similar for C. neoformans H99 (Figure 7E) and C. gattii leaky Cg53 ghosts (Figure
7H), suggesting that the degree of disorder associated with the leaky phenotype is strain-specific
with respect to this polysaccharide constituent.
In contrast to the broad and poorly resolved signals of chitosan, the cross-peaks involving
chitin were sharp and well-resolved, exhibiting numerous proximal 13C-13C interactions that were
most evident in comparisons of the representative 1D cross sections (Figure 7I-L). Strikingly, the
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C1 carbon of chitin resonates at ~104 ppm; the peaks displayed in the corresponding 1D cross
section of the DARR spectrum are assigned to ring carbons located at distances corresponding to
as much as three bonds apart (C1-C2, 104 x 56 ppm; C1-C3, 104 x 74; C1-C4, 104 x 84; C1-C5,
104 x 76). In comparison, the 98-ppm cross section representative of the correlations involving the
chitosan C1 ring carbon displays relatively broader peaks and carbon pairs located at most two
bonds apart. These spectral variations are likely due to differences in molecular mobility between
the two polysaccharides; chitin has a semi-crystalline structure and is intrinsically more rigid than
chitosan (55).
As observed for the chitosan constituent, variations in the 13C-13C DARR results for chitin
were observed between the Cryptococcus strains and as a function of whether the melanin ghosts
displayed the leaky phenotype. However, the trends were opposite for the C. neoformans and C.
gattii leaky mutants: attenuation for C. neoformans ST211A (Figure 7J); augmentation for C. gattii
Cg53 (Figure 7L). Once again, the degree of disorder associated with the leaky phenotype for this
polysaccharide constituent was found to be strain specific. Thus, the leaky phenotype is found to
occur when chitin is either anomalously disordered (C. neoformans) or unusually ordered (C.
gattii). Nonetheless, a common hallmark of leaky mutants from both strains is the observation of
disparate linewidths and cross-peak intensities for the chitin and chitosan constituents, suggesting
a mismatch in their degrees of crystallinity or propensity for molecular flexibility.

DISCUSSION
This work was conceived following a curious observation under the light microscope: a
portion of melanized cells from C. gattii R265 appeared to have strikingly pigmented cell walls, a
peculiarity not witnessed in melanized cells from C. neoformans (Figure 1). Further comparison
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of these two strains revealed that C. gattii R265 melanized cell walls had a relatively homogenous
distribution of melanin pigments throughout and are structurally more compact than those of C.
neoformans H99 (Figure 2A, B). We can attribute this finding to the substantially higher chitosan
content of the R265 strain in analogy with prior findings by our group, in which C. neoformans
H99 cells grown in the presence of GlcNAc had increased chitosan levels in comparison to nonsupplemented control cells and concurrently exhibited a more uniform arrangement of cell-wall
pigments, possibly due to an increase in electrostatic charge interactions (56, 57) and/or covalent
linkage (58, 59) between chitosan and the melanin polymer. However, in GlcNAc-supplemented
C. neoformans H99 cells, these features were found to correlate with an increase in melanization,
whereas the C. gattii R265 strain actually retained a slightly smaller amount of cell-wall melanin
pigments than C. neoformans H99 (Figure 4). Thus, it is likely that chitosan promotes the uniform
distribution of pigments, in turn leading to a more melanin-dense cell wall, but that other factors
are involved in determining the overall extent of melanin deposition.
In the first reports linking cell-wall morphology and integrity with melanization, Banks et
al. (39) and Baker et al. (38) determined that, of the eight chitin synthase proteins (Chs1-8) coded
for by C. neoformans, the chitin synthase 3 enzyme (Chs3) and its chitin synthase regulator protein
(Csr2) are responsible for the production of cell-wall chitin, a substantial portion of which is
deacetylated to chitosan by one or more of three chitin deacetylase proteins (Cda1, Cda2 and Cda3)
with redundant activity. Cells from C. neoformans chs3Δ, csr2Δ, and cda1Δ/cda2Δ/cda3Δ
deletion strains were found to have normal or increased chitin levels but significantly diminished
chitosan content. The mutant strains also displayed phenotypic traits such as incomplete cell
separation during budding, increased sensitivity to certain cell-wall stressors, and most notably,
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the inability to retain cell-wall melanin pigments, suggesting chitosan deficiency could result in
aberrant melanization.
In contrast, there is only one report of a C. gattii leaky melanin strain, designated Cg53,
which was generated by Walton et al. (40) using insertional mutagenesis and subsequently
determined to bear a mutation in the gene that encodes for Chs3. Nevertheless, no follow-up
studies were reported that examine the effect of this genetic mutation on C. gattii cell-wall structure
or the composition of chitinous polysaccharides. The C. neoformans ST211A leaky strain was also
identified by Walton et al. (40) and found to bear a frameshift mutation in the CSR2 gene
(GenBank accession MK609896). Thus, ST211A is likely genetically equivalent to the csr2Δ
strain first reported by Banks et al. (39), and Cg53 is the C. gattii analog of the C. neoformans
chs3Δ mutant, both of which have previously been determined to display strikingly similar
phenotypic traits including decreased production of chitosan. Our biochemical determination of
chitinous polysaccharides revealed that both of these mutants indeed have significantly lower
chitosan levels than their respective parent strains (Figure 3A, B). Although anticipated for C.
neoformans ST211A, this is the first demonstration that the deletion of CHS3 in C. gattii results
in diminished chitosan content. Therefore, our findings indicate that chitosan deficiency
contributes to the leaky melanin phenotype displayed by Cg53 and that the role of chitosan in the
deposition and retention of cell-wall melanin pigments is conserved in these two Cryptococcus
species.
A recent study of chitin and chitosan and the role of the chitin deacetylases in C. gattii (60)
confirms our finding that there is increased chitosan in C. gattii compared to C. neoformans, and
our results go further to demonstrate that the amount of chitin in both species is similar. What is
puzzling from the C. gattii deacetylase study is that the R265 strain deleted for all three CDA genes
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did not leak melanin, in spite of having almost no chitosan, running counter to the interpretations
in this paper. However, in C. neoformans, when the three deacetylases were deleted, the amount
of chitin was substantially increased (38). The difference between the mutants with defects in
CHS3 or CSR2 and a strain without deacetylases is that the deacetylase mutant strain still has its
full complement of functional chitin synthases; the deacetylase mutant produces the same amount
of chitin, but none of the chitin is deacetylated to chitosan, thus increasing the overall amount of
chitin in the cell wall compared to wild type. Therefore, it is possible that there are substantially
increased chitin or other components in the R265 cda1∆cda2∆cda3∆ strain that change the
architecture and/or the flexibility of the cell wall, and thus allow the melanin to be retained.
Despite the undeniable importance of chitosan in the anchoring and arrangement of cellwall melanin pigments, other non-polysaccharide constituents are also likely to be involved. Prior
work by our group has demonstrated that the fungal pigments present in C. neoformans ‘melanin
ghost’ samples are complexed with an intricate aliphatic scaffold that includes both
polysaccharides and lipids (31, 32). The fact that these relatively labile moieties can withstand the
enzymatically and chemically degradative purification process used to generate melanin ghosts
suggests they have become intimately associated with the pigment during its transport and/or
deposition into the cell wall and thus play an integral role in melanin assembly.
In the current work, our spectroscopic data verified that the melanin pigments produced by
C. gattii are tightly associated with an aliphatic framework composed of the same cellular
constituents as in C. neoformans. However, quantitative ssNMR analysis of 13C-glucose-enriched
melanin ghosts isolated from the leaky and parent strains of both species revealed significant
disparities in the relative amounts of retained constituent types. Notably, the relative proportions
of polysaccharides estimated by ssNMR for ghosts (Figure 5B) follow the same trend as the total
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amounts of chitin plus chitosan determined by the MBTH assay in unmelanized cells (Figure 3A).
Thus, cells that produce less chitinous material do not seem to compensate for this “loss” by
retaining a greater percentage of their polysaccharides when in their melanized state. Instead, C.
gattii Cg53 is found to retain more lipids such as long-chain fatty acids in comparison to its parent
strain, whereas C. neoformans ST211A retains relatively more ‘other’ components in comparison
to H99. A possible explanation for this finding is that C. gattii and C. neoformans leaky mutant
strains activate different compensatory mechanisms leading to increased production of nonpolysaccharide constituents as a response to the reduced production cell-wall chitin and chitosan.
Nevertheless, because Cg53 and ST211A bear mutations in different genes (CHS3 and CSR2,
respectively), it is uncertain whether these outcomes are species-specific or due to different genetic
mutations.
Whereas changes in cell-wall composition can have a drastic impact on melanization, the
possible influence of altered cell-wall architecture, even among strains with similar chitin content,
had been unexplored. Our 2D ssNMR spectroscopic data support the premise that the
macromolecular arrangement and structure of the constituents comprising the cell-wall framework
play key roles in cryptococcal melanin deposition.
Firstly, 2D 13C-15N TEDOR spectra of C. neoformans H99 melanin ghosts displayed 13C
chemical shifts that implicated a highly deacetylated form of chitosan (Figure 6), and for which
the few remaining acetylated units are distributed in a non-sequential manner (52-54). This carbon
chemical shift information then allowed us to infer the presence of highly deacetylated chitosan in
the 2D

13

C-13C DARR spectra of melanin ghosts from all four fungal strains. In contrast, the

chitosan produced by most organisms is only partially deacetylated, resulting in a copolymer that
confers both rigidity and flexibility to cellular structures in which it is incorporated (61, 62). The
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fact that both C. neoformans and C. gattii were found to produce highly deacetylated chitosan
could mean that, with hydrogen bonding between chitin and chitosan precluded, both of these
Cryptococcus species achieve strengthening of their cell walls via an architecture that promotes
pigment deposition.
Secondly, the spectral differences observed between the 2D 13C-13C DARR plots of leaky
and parent strain melanin ghosts cannot be accounted for simply by disparities in cell-wall
composition. Notably, the peaks corresponding to the intramolecular 13C-13C contacts within chitin
were found to differ in linewidth and intensity between the leaky and parent strain of each species
(Figure 7). By comparing the 1D cross-sectional slices that display correlations involving the chitin
C1 carbon, it is evident that the signal intensities observed for C. neoformans ST211A were
significantly diminished in comparison to those of C. neoformans H99. Given similar chitin levels,
we cannot attribute this observation to a reduction in chitin content. Instead, the diminished peak
intensities likely arise from partial averaging of dipolar interactions between chitin carbons,
signifying an increase in the flexibility and/or disorder of the chitin polymers. The spectral features
corresponding to chitin carbons were additionally found to differ between the C. gattii Cg53 leaky
mutant and its parent strain R265 despite their similar chitin content. In contrast to our findings
with C. neoformans, the chitin peaks of Cg53 were observed to have greater intensities and reduced
linewidths in comparison to those displayed by R265, indicating an increase in rigidity and/or
molecular order. Moreover, it is noteworthy that chitin correlations displayed by the parent type
of each species have intermediate intensities and linewidths, which suggests the presence of
polymers that are both amorphous and crystalline to some degree.
The simplest explanation for these results is that the genetic mutation carried by each leaky
strain has a direct influence on the ultrastructure of the chitin produced. Importantly, although the
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two leaky strains have mutations in two distinct genes, the proteins encoded by these genes have
been hypothesized to form a complex that produces the chitin that can be converted to chitosan
(39). Therefore, the two leaky strains are likely interrupting the same biological process and should
have very similar phenotypes. For example, it is likely that the mutation of CHS3 in Cg53 results
in increased production of chitin by one of the other chitin synthases it encodes for, as seen in C.
neoformans chs3∆ mutants (39), which could in turn produce chitin polymers that have a greater
propensity to form rigid and/or well-ordered crystalline microfibrils.
An alternative explanation is that the disparate compositional changes in non-chitin
constituents exhibited by the respective leaky mutant strains impact chitin ultrastructure
differentially. For example, the increased proportion of non-polysaccharide and non-lipid ‘other’
constituents retained by ST211A melanin ghosts, which are likely composed of bulky and rigid
aromatic ring systems, could potentially disrupt the hydrogen bonding between individual chitin
polymers and thus produce a relatively disordered architecture. In either case, the fact that the
chitin produced by both C. neoformans and C. gattii parent strains appears to have a
macromolecular arrangement with intermediate properties suggests a Goldilocks Principle,
whereby a “just right” balance of flexibility/disorder and rigidity/order is required for optimal cellwall melanin pigment deposition and retention.
In summary, this study provides the first detailed compositional and structural analysis of
melanized cell walls from the two most clinically relevant isolates of the Cryptococcus species
complex: C. neoformans H99 and C. gattii R265. By leveraging the dependence of cryptococcal
species on exogenous precursors for melanin synthesis and implementing ssNMR spectroscopy,
we generated isotopically enriched melanin ghosts for which it could be determined that pigments
produced by each C. neoformans and C. gattii preferentially associate with different proportions

217

of chitinous polysaccharides and lipids during melanin assembly. In addition, we verified the role
of chitosan as a critical component of the cell-wall scaffold that governs melanin deposition and
retention in both cryptococcal species and represents a major insight for this field. Nonetheless,
further studies using multiple strains from these two cryptococcal species are required for
validation. Altogether, a better understanding of these fungal melanized cell-wall structures could
support the development of new and highly selective antifungal drugs.

MATERIALS AND METHODS
Cryptococcus strains and culture conditions
All strains used in the current study are listed in Table 1. Yeast cells were kept frozen in 20%
glycerol stocks and subcultured into Sabouraud dextrose broth for 48 h at 30 ˚C prior to each
experiment. The yeast cells were washed three times with Dulbecco's Phosphate-Buffered Saline
(DPBS) with calcium and magnesium (Corning, Corning, NY) and counted using a
hemocytometer. Cultures inoculated with 1 x 106 cells ml-1 (end concentration) were grown in
minimal media (MM) (29.4 mM KH2PO4, 10 mM MgSO4, 13 mM glycine, 3 µM thiamine, 15
mM glucose, pH 5.5) at 30 ˚C and shaken at moderate speed (120 rpm) for periods of 4-10 d in
separate experiments. Melanized yeast cells were produced by inoculating cells in MM containing
1 mM L-DOPA as the obligatory melanization precursor and using the same culture conditions
and listed above. In designated experiments, glucose was replaced by [U-13C6]-glucose (Cat No.
GLC-082, Omicron Biochemical, Inc, USA). Aliquots of each culture were collected for light
microscopy and transmission electron microscopy.
Microscopic studies for cell body and capsule measurements
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C. neoformans H99 and C. gattii R265 non-melanized and melanized cells, grown for 4 or 7 d in
separate experiments, were washed three times with DPBS. To determine cell body and capsule
sizes by light microscopy, washed yeast cells were suspended in India Ink and visualized under an
Olympus AX70 microscope (Olympus America) using a 40x objective. The cell body and capsule
dimensions were calculated as done previously (42). For each condition, 150 cells were measured
in two independent experiments.

Assessment of chitinous cell-wall constituents
Cellular chitin and chitosan of non-melanized yeast cells were estimated as described previously
(42). Briefly, each alkaline-extracted sample was divided into two aliquots: one aliquot was
deacetylated with acetic anhydride to measure the total amount of glucosamine arising from chitin
plus chitosan; the second aliquot remained untreated to measure the glucosamine from chitosan
only. The amount of chitin-derived glucosamine was determined by taking the difference between
the two measurements. Each aliquot was treated with 3-methyl-2-benzothiazolone hydrazine
hydrochloride (MBTH), which forms a complex with hexosamines (amino sugars) under mildly
acid conditions. The intense blue color yielded by this reaction was recorded at 650 nm. The
amount of hexosamine in each sample was determined by comparison to a standard curve prepared
from a 1 mM N-acetylglucosamine stock.

Transmission Electron Microscopy
Aliquots from C. neoformans H99 and C. gattii R265 melanized yeast cells were washed, adjusted
to 1 x 106 cell ml-1 in DPBS and fixed overnight with the same volume of 2.5% (v/v)
glutaraldehyde, 3 mM MgCl2 in 0.1 M sodium cacodylate buffer (pH 7.2) at 4 ˚C. After rinsing
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with buffer, cells were processed with 0.8% potassium ferrocyanide reduced with 1% OsO4,
serially dehydrated in a graded series of ethanol, and embedded in Eponate 12 (Ted Pella) resin.
Ultrathin sections were obtained, stained with 2% uranyl acetate in 50% methanol, followed by
lead citrate for examination with a Philips/FEI Bio Twin CM120 transmission electron microscope
at 80 kV. Images were captured with an AMT XR80 high-resolution (16-bit) 8 Megapixel camera.
Using ImageJ software (Fiji) (63), micrograph analyses of 10-18 cells (five calculations per cell)
per Cryptococcus strain were performed to determine the melanized cell wall dimensions.

Melanin isolation for solid-state NMR
Cryptococcal cells cultured in MM containing [U-13C6]-glucose and the melanization precursor LDOPA for 10 d were subjected to acid digestion in a procedure known as “melanin ghost” isolation,
where cellular material is digested but the acid-resistant melanin remains assembled into a
structure with the dimensions of the original cell (33). The protocol involved progressive
enzymatic and chemical removal of cell-wall polysaccharides, proteins, and lipids. All samples
were extensively dialyzed against distilled water and subsequently lyophilized for 3 days before
use.

Solid-state nuclear magnetic resonance (ssNMR) spectroscopy
Solid-state NMR measurements were carried out on a Varian (Agilent) DirectDrive2 (DD2)
instrument operating at a 1H frequency of 600 MHz. All data were acquired on ~5-10 mg of
powdered samples using a Magic Angle Spinning (MAS) rate of 15.00 ± 0.02 kHz at a
spectrometer-set temperature of 25 °C and processed with 100-150 Hz of line broadening. The 1D
13

C DPMAS and two-dimensional (2D) 13C-13C DARR experiments were conducted on a 1.6-mm
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T3 HXY fastMAS probe (Agilent Technologies, Santa Clara, CA) with 90° pulse lengths of 1.2
μs and 1.4 μs for 1H and 13C, respectively, and 104 kHz heteronuclear decoupling using the small
phase incremental alternation pulse sequence (SPINAL) during signal acquisition. To estimate the
relative amounts of carbon-containing constituents in melanin ghost samples, 1D

13

C DPMAS

experiments were performed with long (50 s) recycle delays to obtain quantitatively reliable signal
intensities that allowed the integration of defined spectral regions using the GNU image
manipulation program (GIMP). In 2D

13

C-13C DARR experiments, the initial magnetization

transfer from 1H to 13C was accomplished during a 1.5 ms cross-polarization period with a 10%
linearly ramped radiofrequency field (rf) of 191 kHz for 1H and a 179 kHz constant rf for

13

C.

Proton irradiation with a rf of 16 kHz was applied during the 50 ms field-assisted diffusion mixing
period. The 1D 15N cross-polarization magic-angle spinning (CPMAS) and 2D 13C-15N TEDOR
experiments were run on a 3.2-mm T3 HXY MAS probe (Agilent Technologies, Santa Clara, CA)
with 90° pulse lengths of 2.6 μs, 4.0 μs and 4.5 μs for 1H, 13C, and 15N, respectively, and 48 kHz
SPINAL decoupling during acquisition. In the 1D 15N CPMAS experiments, 1H-15N transfer was
accomplished during a 2 ms period with a 10% linearly ramped rf of 66 kHz for 1H and a 56 kHz
constant rf for

15

N. In the 2D

13

C-15N TEDOR experiments, the initial 1H to

13

C transfer was

accomplished during a 1.0 ms cross-polarization period with a 10% linearly ramped rf of 85 kHz
for 1H and a 63 kHz constant rf for 13C. Coherence transfer periods of 1.40 and 4.00 ms were used
in separate experiments to obtain 13C-15N correlations corresponding to approximately one-bond
and two-bond distances, respectively.

Statistical analyses
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Statistical analyses were performed using GraphPad Prism version 8.00 for Mac OS X (GraphPad
Software, San Diego, CA). The 90–95% confidence interval was determined for each set of results.
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Solid-state NMR spectroscopy identifies three classes of lipids in C. neoformans melanized
cell walls and whole fungal cells

ABSTRACT
A primary virulence-associated trait of the opportunistic fungal pathogen Cryptococcus
neoformans is the production of melanin pigments that are deposited into the cell wall and interfere
with the host immune response. Previously, our solid-state NMR studies of isolated melanized cell
walls (melanin ‘ghosts’) revealed that the pigments are strongly associated with lipids, but their
identities, origins, and potential roles were undetermined. Herein, we exploited spectral editing
techniques to identify and quantify the lipid molecules associated with pigments in melanin ghosts.
The lipid profiles were remarkably similar in whole C. neoformans cells, grown under either
melanizing or non-melanizing conditions; triglycerides (TGs), sterol esters (SEs) and
polyisoprenoids (PPs) were the major constituents. Although no quantitative differences were
found between melanized and non-melanized cells, melanin ghosts were relatively enriched in SEs
and PPs. In contrast to lipid structures reported during early stages of fungal growth in nutrientrich media, variants found herein could be linked to nutrient stress, cell aging, and subsequent
production of substances that promote chronic fungal infections. The fact that TGs and SEs are the
typical cargo of lipid droplets suggests that these organelles could be connected to C. neoformans
melanin synthesis. Moreover, the discovery of PPs is intriguing because dolichol is a wellestablished constituent of human neuromelanin. The presence of these lipid species even in nonmelanized cells suggests that they could be produced constitutively under stress conditions in
anticipation of melanin synthesis. These findings demonstrate that C. neoformans lipids are more
varied compositionally and functionally than previously recognized.
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INTRODUCTION
Cryptococcus neoformans is a globally distributed opportunistic fungal pathogen and the
primary causative agent of cryptococcosis, a frequently lethal infectious disease that results in
approximately 180,000 deaths each year worldwide (1). Avoiding contact with C. neoformans is
essentially impossible due to its global presence and ability to thrive in soil, trees, and bird
droppings, among other environmental niches. Initial exposure is thought to occur during early
childhood through the inhalation of airborne spores or desiccated yeast cells, usually leading to
asymptomatic pulmonary infection but no clinical manifestation of disease (2). In
immunocompetent hosts, the infection is either eliminated or becomes latent. However, in
immunocompromised individuals, the outcome is typically cryptococcal pneumonia followed by
rapid dissemination to the central nervous system (3). Ultimately the result is meningitis, which is
both the most commonly presented and most life-threatening form of cryptococcosis. Cryptococcal
meningitis is responsible for approximately 15% of all HIV/AIDS-related deaths annually (1). The
efficacy of antifungal therapies against C. neoformans is also limited: even after intervention the
mortality rate is approximately 50%, rendering the chance of survival comparable to that of a coin
toss (4).
A primary virulence-associated trait in C. neoformans is the production of melanin
pigments, which are deposited within the cell wall and form a defensive barrier to external
stressors. Melanins are a group of biologically ubiquitous and structurally heterogeneous pigments
produced via the oxidation and polymerization of particular aromatic ring compounds. They share
a multitude of remarkable properties that include: the ability to absorb ultraviolet (UV) light,
transduce electricity, and protect against ionizing radiation. In fungi, melanin pigments contribute
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to virulence by reducing cellular susceptibility to oxidative damage, inhibiting phagocytosis, and
interfering with the host immune response to infection (5). C. neoformans is unique among
melanotic fungi because of its dependence on exogenous substrates for melanin production; this
organism is unable to synthesize melanin precursors endogenously and therefore must scavenge
catecholamines and/or other phenolic compounds from the environment (6). C. neoformans cells
isolated from individuals with active cryptococcal infections display robust pigment production
(7–9), an unsurprising outcome considering that melanization is correlated with dissemination of
infections and resistance to anti-fungal therapeutics (10, 11). For these reasons, the study of C.
neoformans melanogenesis can contribute directly to our understanding of the pathogenicity of
this organism.
The current model for C. neoformans melanization is a process in which intracellularly
synthesized melanin pigments are extruded into the cell wall, where they then form strong
associations with various molecular constituents that are essential for their deposition and retention
(12). The best-established components of this melanization scaffold are the polysaccharides chitin
and chitosan (13); for instance, C. neoformans cells that are unable to produce cell-wall chitin and
chitosan display a ‘leaky melanin’ phenotype, in which melanin pigments are unable to anchor to
the cell wall and consequently leak out into the culture media (14, 15). Previously, we used solidstate nuclear magnetic resonance spectroscopy (ssNMR) to study the molecular structure of
melanized fungal cell walls in ‘melanin ghost’ preparations from which other cellular constituents
were removed (16), confirming that melanin pigments are indeed attached to these polysaccharides
(17). Even though the protocol used to prepare melanin ghosts is both enzymatically and
chemically degrading, a portion of the cell wall that participates in melanin deposition survives
this process. Moreover, chitin and chitosan are not the only cellular constituents that associate
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tightly with melanin pigments — a substantial proportion of the non-pigment moieties found in
melanin ghosts have been shown to be lipids, with largely unknown identities, origins, and
physiological roles (13).
In the current study, we aimed to 1) identify the lipid molecular species that associate with
melanin pigments; and 2) determine whether melanized cells have a distinct lipid profile compared
with non-melanized cells. As an alternative to attempting extraction of the strongly bound
pigment-associated lipids from the melanin ghosts, we devised a ssNMR approach to characterize
the chemical structures of these components in near-native cellular systems. Because C.
neoformans cannot utilize endogenous substrates for melanin synthesis, cells grown in media
containing [U-13C6]-glucose as the sole carbon nutrient source and natural abundance L-3,4dihydroxyphenylalanine (L-DOPA) as the obligatory melanization precursor yielded melanized
samples in which only the non-pigment cellular constituents are enriched in the NMR-active 13C
isotope. Moreover, the requirement of C. neoformans for exogenous substrates to synthesize
melanin pigments enabled us to compare the lipid profile of whole intact cells under melanizing
and non-melanizing conditions. By leveraging the capabilities of NMR to select constituents that
undergo a certain degree of molecular motion in the solid state, it was also possible to edit out 13C
resonances from rigid polysaccharides so that unambiguous peak assignments of the mobile lipid
species could be made.

RESULTS
2D 13C-13C and 1H-13C experiments reveal sterol esters, triglycerides, and polyisoprenoids as
the major lipid constituents in melanin ghosts. Lipid constituents were first identified in C.
neoformans melanin ghosts by our group in 2008 (18). In that work, high-resolution magic-angle
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spinning (HRMAS) NMR experiments conducted on melanin ghosts swelled with DMSO revealed
1

H-13C through-bond connectivities that were surprisingly consistent with triglycerides (TGs).

Considering that melanin ghosts are isolated using exhaustive chemical degradation, including
three successive lipid extraction steps and boiling in strong acid, the finding of TGs seemed
counterintuitive. Nevertheless, our follow-up studies have corroborated this result, and moreover,
they have suggested that other lipid species in addition to TGs also resist extraction and are retained
in the ghosts (13).
A noteworthy feature of these lipids is that, despite their strong association with melanin
pigments, they exhibit a significant degree of molecular mobility in the solid state and effectively
undergo rapid isotropic reorientation even in dry preparations. In addition to raising an intriguing
question regarding the molecular interactions that govern melanin pigment-lipid attachment, this
retention of molecular mobility materially improved our ability to identify the individual lipid
components of melanin ghosts using ssNMR. Thus, it first allowed us to implement spectral editing
techniques that discriminate between constituents based on variations in molecular motion: by
preferentially detecting the signals arising from the mobile lipids and filtering out resonances from
relatively rigid moieties such as polysaccharides, we were able to alleviate much of the spectral
overlap that can compromise structural analyses in macromolecular biological systems. Second,
molecules that undergo isotropic reorientation give rise to sharp NMR signals, because motional
averaging abolishes through-space 1H-13C dipolar couplings that would otherwise be a primary
source of spectral line broadening. As a result, we successfully acquired high-resolution 13C NMR
spectra at a moderate frequency of 150 MHz that displayed few overlapping signals and full widths
at half maximum linewidth of less than 1 ppm with a moderate 15-kHz spin rate, facilitating the
unambiguous assignment of all observed lipid resonances.
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To characterize the molecular structures of the pigment-associated lipids, we conducted a
set of 2D experiments that measured 13C-13C and 1H-13C through-bond connectivities, respectively.
Correlations between directly bonded pairs of 13C-13C nuclei were obtained by implementing a 2D
J-INADEQUATE experiment that was carried out with direct polarization (DP) and a short (2-s)
recycle delay for 13C signal acquisition in order to favor the signals from mobile constituents (19).
In 2D J-INADEQUATE spectra, a pair of covalently bonded carbons is represented by two crosspeaks that each have unique single quantum (SQ) 13C chemical shifts but share a common double
quantum (DQ)

13

C chemical shift. The DQ shift is the sum of the two SQ shifts for a directly

bonded carbon pair, so signal overlap is reduced by spreading the SQ shifts over a larger frequency
range. To complement these data and verify our peak assignments, we also carried out a 2D 1H13

C HETCOR experiment using INEPT as the polarization transfer step, obtaining crosspeaks for

each bonded 1H-13C pair within an isotropically tumbling molecular fragment along with excellent
sensitivity and spectral resolution (20).
Cursory inspection of the 2D DP J-INADEQUATE spectrum of melanin ghosts (Figure 1,
top) revealed a significant number of resonances distributed over a wide chemical shift range,
which suggested that melanin pigments are indeed associated with multiple lipid species, including
TGs. The presence of TGs, for which 13C NMR assignments are well documented (21–23), was
immediately apparent from the well-resolved pair of SQ signals at 62 and 69 ppm that are
correlated with the DQ sum of their SQ frequencies at 131 ppm. These correlations are consistent
with a glycerol backbone in which each of the three carbons is esterified to a similar type of FA,
resulting in a symmetrical molecule that gives rise to just two inequivalent resonances for the CHO
and two CH2O groups, respectively. Cross-peaks characteristic of long-chain FAs were also
readily observed: between C1-C2 (172 and 35 ppm), C16-C17 (32 and 23 ppm), and C17-C18 (23
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and 14 ppm) (24, 25). The signals at 130 and 27 ppm correspond to a linkage between the olefinic
and allylic carbons of unsaturated FAs; the allylic carbons at 27 ppm are linked in turn to chain
methylene carbons resonating at 30 ppm (26, 27). Moreover, the correlation between signals at
129 and 26 ppm indicates a linkage between olefinic and bis-allylic carbons, suggesting that a
substantial portion of the FAs present in melanin ghosts possess more than one point of
unsaturation (26, 27).
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Figure 1. 2D

13

C-13C DP J-INADEQUATE (top) and 2D 1H-13C INEPT-HETCOR (bottom)

contour plots for C. neoformans melanin ghosts generated from H99 cells grown in [U-13C6]glucose-enriched media. The displayed signals are attributed to triglycerides with unsaturated fatty
acid acyl chains (TG; orange), the Δ7-sterol esters ergosta-7-enol and ergosta-7,22-dienol that
share the same nucleus (SN; green) but have different side chains, designated as Chain A (CA;
blue) and Chain B (CB; turquoise), respectively, and polyisoprenoids containing isoprene units in
both the cis (PPc; purple) and trans (PPt; pink) configurations.
The 2D HETCOR experiment revealed additional 1H-13C bonded pairs that confirmed our
TG structural identification (Figure 1, bottom). For instance, the carbon at 62 ppm that we
attributed to the CH2O group of glycerol was found to correlate with two protons (4.07, 4.28 ppm),
whereas the CHO carbon at 69 ppm was only correlated with one proton (5.21 ppm) (28–30). Each
of these protons has chemical shifts consistent with TGs; 1H-13C cross-peaks corresponding to
other possible types of esterified glycerol moieties (e.g., diglycerides) were not observed. The
melanin ghost HETCOR spectrum also provided verification for the presence of di-unsaturated
FAs: the bis-allylic carbon we identified in the J-INADEQUATE spectrum (26 ppm) is flanked by
two double bonds, and consequently, the proton to which it is covalently bonded gives rise to a
relatively downfield characteristic signal at 2.77 ppm (28–30). Nevertheless, completion of the TG
resonance assignments left the majority of the resonances in both the 13C-13C J-INADEQUATE
and 1H-13C HETCOR spectra unaccounted for.
Further analysis of these two 2D spectra revealed sterol esters (SEs) as a second major lipid
component present within melanin ghosts. The 13C-13C through-bond information provided by the
J-INADEQUATE experiment, in conjunction with the exquisite sensitivity of NMR chemical
shifts to variations in molecular structure, enabled us to unambiguously identify two predominant
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sterols. Each sterol ester species had a structurally identical steroid nucleus with a single
unsaturated linkage between C7 and C8 (118 and 139 ppm; Δ7 sterol) (31), but they differed in
their sidechain structures. The C17 carbon that forms a covalent bond between the sterol nucleus
and C20 of the sidechain displayed four cross-peaks, of which only two could be accounted for by
linkages to adjacent carbons of the nucleus (C17-C13: 56 and 43 ppm; C17-C16: 56 and 28 ppm).
Thus, the other cross-peaks involving the C17 carbon can be attributed to linkages with the C20
carbons of two chemically distinct sidechains. Although both sidechains were determined to share
the same 24-methyl carbon backbone, one sidechain is fully saturated whereas the other contains
a double bond between C22 and C23 (136 and 132 ppm). Distinguishing between these two
sidechains allowed us to identify the predominant sterols in melanin ghosts as ergosta-7-enol and
ergosta-7,22-dienol (31–36). Interestingly, our data strongly suggest that both sterol species are
present only in their esterified forms. In free sterols, the chemical shifts of the hydroxylated C3
carbon and the hydrogen atom to which it is covalently bound would be 71 and 3.60 ppm,
respectively. However, the HETCOR spectrum of melanin ghosts displayed a single peak in that
chemical shift region with 13C and 1H values of 73 and 4.67 ppm, consistent with a compound in
which the hydroxyl group is esterified (31, 33), likely to a long-chain FA.
The third and final group of lipid constituents that we identified in melanin ghosts are
polyisoprenoids (PPs), which are linear polymers of isoprene units. Of the few remaining 13C-13C
cross-peaks in the J-INADEQUATE spectrum that had not been attributed to TGs or SEs, of
particular note were the correlations between a carbon at ~135 ppm and five different carbons at
16, 24, 32, 40 and 125 ppm. This observation suggested that the molecule contains two structurally
similar carbons with overlapping resonances at 135 ppm but linkages to magnetically distinct
repeating units. PPs fit this description, and their reported 13C and 1H chemical shifts (37–40) are
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consistent with our data. The repeating isoprene units that comprise PPs can adopt either cis or
trans configurations, yielding distinct chemical shifts for the C1 and C5 carbon signals of each
stereoisomer. Thus, the C2-C3 and C3-C4 linkages of both isomers can be accounted for by the
single pair of cross-peaks at (135 and 125) and (125 and 27) ppm, respectively. Although the C2
carbon chemical shift does not differ between the two configurations, the C2, C1 and C2, C5 crosspeaks it forms are unique: those corresponding to the cis isomer were observed at (135 and 32)
and (135 and 24) ppm, and to the trans isomer at (135 and 40) and (135 and 16) ppm. The presence
of PPs in melanin ghosts is confirmed by our HETCOR data, which include atypically downfield
1

H chemical shifts compared with most lipids and support substantial double bond content.

Consequently, the 1H-13C pairs attributable to PPs are clearly visible because their cross-peaks are
located in a relatively uncluttered spectral region. The protons covalently bonded to the C1 and C4
carbons of both cis and trans isomers were observed at ~2.0 ppm, and those bonded to the C5
carbons appeared at ~1.6 ppm (37, 38). Additionally, the 1H-13C cross-peak at (5.10, 125) ppm
corresponded to the C3 carbon and its bonded proton, whereas the C2 carbon was not observed in
a HETCOR experiment because it has no attached protons.

Melanin ghosts, melanized whole cells, and non-melanized whole cells contain remarkably
similar lipid species. The fact that the pigment-associated lipids we identified in melanin ghosts
has not been reported previously as major constituents of C. neoformans cells led us to hypothesize
that they might be produced exclusively under melanizing conditions. Our current understanding
of C. neoformans lipid composition is based on only a handful of studies, all conducted on lipid
extracts from cells grown in rich media under non-melanizing conditions (i.e., in the absence of
an obligatory exogenous melanization precursor). The lack of lipid analyses for melanized cells
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does not necessarily reflect a lack of interest but could instead be attributed to experimental
challenges: melanin pigments are exceptionally recalcitrant and thus melanized cells resist
homogenization, which can diminish the effectiveness of lipid extractions. To circumvent this
problem and determine whether melanized cells have a lipid profile distinct from non-melanized
cells, we replicated the ssNMR strategy used to define the lipid profile of melanin ghosts to
examine whole intact C. neoformans cells grown either with or without the melanization precursor
L-DOPA.
In addition to using spectral editing techniques to select the NMR signals of mobile
molecular moieties, the detection of the lipid constituents of interest was enhanced by conducting
our DP-INADEQUATE and INEPT-HETCOR experiments on acapsular cells from the Cap59
mutant strain. As an encapsulated yeast, approximately 50% of the C. neoformans cell mass is
typically accounted for by a robust external layer of high molecular weight polysaccharides (41).
Thus, the NMR response from this large proportion of capsular polysaccharides in wild-type (WT)
H99 cells will present a dynamic range problem, overpowering the signals of constituents that are
present in lesser quantities and compromising the detection of their spectral features (data not
shown). Conversely, the absence of capsular polysaccharides in acapsular Cap59 cells yields
spectra that clearly display resonances attributable to a variety of cellular components (Figure 2).
The 2D

13

C-13C DP J-INADEQUATE spectra of non-melanized and melanized C.

neoformans Cap59 whole cells (Figures 2A and 2B) and H99 melanin ghosts (Figure 2C) permitted
us to compare their respective lipid compositions. Whereas only lipid signals are observed in the
melanin ghost spectrum, the whole-cell spectra exhibited additional resonances; the majority of
these features can be assigned to correlations between directly bonded

13

C-13C pairs within the

ring structures of non-chitinous cell-wall polysaccharides such as α- and β-1,3-glucans. As
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expected, these signals were absent from the DP J-INADEQUATE spectrum of melanin ghosts,
because glucans are removed by enzymatic and chemical treatments during sample preparation.
However, the finding that the DP J-INADEQUATE spectra of melanized and non-melanized cells
are nearly indistinguishable was unanticipated. All of the well-resolved, and therefore identifiable,
cross-peaks are clearly visible in both spectra (Figures 2A and 2B), demonstrating that
melanization has no influence over the types of lipid species that are produced by C. neoformans
cells. Even more surprising was our observation that both the DP J-INADEQUATE (Figures 2A
and 2B) and INEPT-HETCOR (data not shown) spectra of each whole cell sample displayed
identical lipid correlations to those displayed in the analogous spectra of melanin ghosts (Figures
1 and 2C). This finding indicates that the Δ7 SEs, TGs and PPs identified as major lipid components
in melanin ghosts also comprise the lipid content of whole C. neoformans cells. Taken together,
our data suggest that melanization does not trigger the synthesis of any particular lipid species,
which is consistent with prior work that demonstrated melanization changes the transcriptional
profiling of only a few genes in C. neoformans (42). Instead, it appears that C. neoformans melanin
pigments associate with the lipids produced under non-melanizing conditions and due to the
recalcitrant nature of the pigment, a significant portion of these lipids are able to resist the chemical
and extractive treatments used for ghost preparation.
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Figure 2. 2D 13C-13C DP J-INADEQUATE spectra of C. neoformans whole cell and melanin ghost
samples prepared from cultures containing [U-13C6]-glucose-enriched media. A) Non-melanized
and B) melanized whole cells from the acapsular mutant Cap59 strain and C) melanin ghosts
generated from H99 cells. The cross-peaks attributed to key functional groups have been
demarcated to highlight the similarities between the three samples.

Melanin ghosts have greater proportions of particular lipid species compared with whole
melanized and non-melanized cells. Thus far we had identified the pigment-associated lipid
species in melanin ghosts as Δ7 SEs, TGs and PPs, which we subsequently demonstrated are also
the major species of lipids produced by C. neoformans cells under both melanizing and nonmelanizing conditions. However, it was of further interest to determine whether the relative
amounts of lipid constituents differ in melanized and non-melanized cells, and whether the
proportions of Δ7 sterols, TGs and PPs are maintained between melanin ghosts and melanized
whole cells. That is, we hypothesized that even if the same lipid species were present, the ease of
their production or removal might be impacted by the presence of the melanin pigment.
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To address these questions, we conducted direct polarization (DPMAS)

13

C NMR

experiments with a long recycle delay (50 s) to acquire spectra in which the integrated peak areas
are quantitatively reliable and therefore reflect the relative amounts of the various cellular
constituents in each sample. Despite the significant number of overlapping signals in these 1D
spectra, we were able to locate several resonances that are unique to each lipid type using the
carbon chemical shift information extracted from the 2D 13C-13C DP J-INADEQUATE and 1H13

C INEPT-HETCOR experiments described above. These identifications allowed us to carry out

spectral deconvolution to determine the fraction of the total signal intensity attributable to each
lipid constituent and thereby estimate its relative content in each of the C. neoformans samples.
Visual comparison of the

13

C DPMAS spectra of non-melanized (Figure 3A) and

melanized (Figure 3B) acapsular C. neoformans cells revealed no discernible quantitative
differences in the relative amounts of lipids or other constituent types between the two samples:
as noted in connection with our 2D J-INADEQUATE and HETCOR data, the 1D 13C DPMAS
spectra of cells grown under melanizing and non-melanizing conditions were virtually
indistinguishable from one another. Conversely, a number of striking visual differences were
observed between the spectra of melanin ghosts (Figure 3C) and whole cells (Figures 3A and 3B);
those trends were confirmed by the significant compositional variations revealed by our
quantitative analyses. The clear dissimilarity between the two sample types is evidenced by the
disparate relative contributions of lipids and polysaccharides to the overall signal intensity of each
spectrum. Whereas signals attributable to polysaccharides (~58-108 ppm) dominate the whole cell
spectra, accounting for approximately 68% of the overall signal intensity, the sum of the integrated
peak areas corresponding to TGs, SEs, and PPs accounted for only 8% (Figure 3D). In contrast,
for melanin ghosts the polysaccharide content was 2.5 times lower (27%), whereas the total lipid
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proportion was 5.3 times higher (42% vs 8%) (Figure 3E). These findings suggest that the harsh
chemical and extractive treatments involved in melanin ghost preparation are more effective at
removing cellular constituents such as polysaccharides than lipids, resulting in the relative
enrichment of the latter constituents.
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Figure 3. Quantitative estimates of the relative amounts of various cellular components in C.
neoformans whole cell and melanin ghost samples prepared from cultures containing [U-13C6]glucose-enriched media, demonstrating the preferential retention of lipids by melanin ghosts. Top
left:

13

C quantitatively reliable DP (50-s recycle delay) spectra of A) non-melanized and B)

melanized whole cells from the acapsular mutant Cap59 strain and C) melanin ghosts generated
from H99 cells. Top right: Pie charts displaying the relative quantities of lipid, polysaccharide, and
‘Other’ (unidentified) cellular constituents with respect to their total content in D) whole cells and
E) melanin ghosts. Only one pie chart is shown for both melanized and non-melanized whole cells
due to the absence of compositional differences between the two samples. Bottom left:

13

C DP

spectra of F) melanized whole cells and G) melanin ghosts overlaid with the fitted curves (obtained
with DMfit spectral deconvolution software) that correspond to the three classes of identified
lipids. Bottom right: Pie charts displaying the relative quantities of TGs, SEs, and PPs with respect
to the total lipid content in whole cells (H) and melanin ghosts (I). Each spectrum was normalized
by setting the largest peak to full scale. Triglycerides, TG; orange. Sterol esters, SE; green.
Polyisoprenoids, PP; violet.
Considerable quantitative variations in the relative contributions of TGs, SEs, and PPs that
comprise the total lipid content of each sample were also observed between the melanin ghost and
whole cell preparations. With respect to the total signal intensity across the spectrum, TGs
accounted for the largest signal intensity (22% vs. 6% for melanin ghosts and whole cells,
respectively), followed by SEs (17% vs. 2%), and then PPs (2% vs. <1%) (Figures 3D and 3E).
With respect to the signal intensity attributable to lipids, the balance among the various lipid
species differed substantially between the two types of samples. SEs and PPs corresponded to a
much smaller proportion of the total lipid content in whole cells (23% and 2%) as compared with
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melanin ghosts (43% and 6%, respectively) (Figures 3H and 3I). Interestingly, the constituents that
are present in the lowest proportions in whole cells are preferentially retained by melanin ghosts:
the SE content of melanin ghosts was increased by 2-fold (23% vs. 43%) and the PP content by 3fold (2% vs. 6%). Taken together, these data suggest that in spite of the lack of influence melanin
synthesis has on the types or relative amounts of lipids produced by C. neoformans cells, that
melanin pigments preferentially associate with certain lipid species, namely TGs, SEs, and PPs.

DISCUSSION
In this work, we set out to identify the particular lipid molecular classes that are strongly
associated with the melanin pigment, to begin the process of unraveling the roles of these lipids in
C. neoformans melanization. One of the most striking features in the

13

C ssNMR spectra of C.

neoformans melanin ghosts is the prominent group of sharp upfield peaks (~10-40 ppm) that are
characteristic of lipid long-chain methylene carbons. The quantitative ssNMR analyses conducted
previously and in the current study have estimated that lipids comprise 40-70% of the total NMR
signal intensity in 13C DPMAS melanin ghost spectra, whereas polysaccharides account for at most
30% (13). It is now well-established that the cell-wall polysaccharides, in particular chitin and its
deacetylated derivative chitosan, play a key role in anchoring C. neoformans melanin pigments to
the cell wall. Genetic disruption of the chitin/chitosan biosynthetic machinery compromises cellwall integrity and has deleterious effects on pigment retention, resulting in a “leaky melanin”
phenotype (14, 15). Conversely, supplementing C. neoformans growth cultures with GlcNAc, the
monomeric building block of chitin, increases cell-wall melanin pigment deposition and retention
(43). Thus, with hindsight it is perhaps unsurprising that chitinous polysaccharides are retained in
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ghosts due to their intimate association with the melanin pigment. However, there is no currently
proposed rationale for the presence of substantial quantities of lipids in melanin ghosts.
The implementation of 2D ssNMR experiments that preferentially detect the signals of
mobile molecular constituents allowed us to uncover TGs, SEs, and PPs as the primary lipids in
uniformly 13C-enriched melanin ghost samples. Although prior work by our group has provided
evidence for the presence of TGs (18), determined herein to be the most abundant lipid species,
SEs and PPs have not been reported previously as melanin ghost constituents. The fact that no
lipid species other than TGs, SEs, and PPs were observed in our ghost samples also strongly
suggests that these constituents originate from lipid droplets (LDs), subcellular structures that
function as storage depots for neutral lipids in all living organisms (44). It is well established that
LDs are enclosed by a phospholipid monolayer and that TGs and SEs comprise approximately
95% of their contents (45, 46). Although PPs are not considered to be typical LD constituents,
their presence in these organelles is not unprecedented: PPs have been detected in LDs isolated
from Saccharomyces cerevisiae (47).
All organisms produce PPs, namely polyprenols and dolichols, which function in the
endoplasmic reticulum (ER) as sugar carriers for reactions such as protein glycosylation and GPI
anchor synthesis (48, 49). PPs have also been found to accumulate in a vast array of other
organelles and tissue types, but the roles they play in these cellular locations are currently uncertain
(50). Nonetheless, PPs within the LDs of S. cerevisiae have been proposed to function by
coordinating the assembly of the cell wall of sporulating fungal cells: the delivery of PPs to the
cell wall via LDs is thought to activate chitin synthase 3 (Chs3), resulting in the formation of cellwall chitin that is subsequently deacetylated to chitosan (47). Thus, it is informative to consider
our findings for key polysaccharide and lipid species in their cellular context: 1) melanin ghosts
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are essentially isolates of the melanized cell wall; 2) chitin and chitosan play a critical role in the
anchoring of melanin pigments to the C. neoformans cell wall; 3) both of these polysaccharides,
along with PPs, TGs, and SEs, have been identified within melanin ghosts; 4) TGs, and SEs are
known to be typical LD cargo. Together, these considerations suggest that PPs could also be
contained within C. neoformans LDs, where they would play analogous roles to the PPs reported
in S. cerevisiae.
The exceptionally sharp TG, SE, and PP resonances in our 13C ssNMR spectra of melanin
ghosts and whole C. neoformans cells indicate that these lipids continue to undergo the rapid
isotropic motions typical of small molecules in solution despite being present in the solid state.
Unlike the amphiphilic lipids of cell membranes that adopt layered arrangements in aqueous
environments, neutral lipids such as TGs and SEs lack the charged functional groups that are
required to form ordered structures and can therefore retain a significant amount of molecular
mobility even when packed in LDs (44). Given the prior micrographic evidence that C. neoformans
cells contain abundant intracellular stores of LDs (51–54), we can suggest that at least a portion of
the exceptionally narrow lipid signals displayed by the whole cells arise from TGs, SEs, and PPs
that are contained within LDs. However, C. neoformans LDs have not been found to localize to
the cell wall; they have only been observed in the cytoplasm (51, 52), the contents of which are
removed during melanin ghost isolation. Thus, it is unlikely that the lipids retained by ghosts
remain packed inside these organelles. Instead, we propose that a portion of the lipids are released
from LDs and transferred to the cell wall, possibly in conjunction with melanin pigment deposition
or during other cell wall transport processes (12). Consequently, a subset of these LD-derived
lipids become trapped within the cellular framework of the melanized cell wall. Nonetheless, rather
than becoming immobilized by association or covalent bonding to the cell wall or pigment, the
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lipids are likely to be contained within discrete cellular domains that allow them to undergo the
molecular motions that produce sharp ssNMR spectral lines. Although this a preliminary
hypothesis that requires rigorous experimental testing, our findings nevertheless argue in favor of
a role for LDs in C. neoformans melanization.
Surprisingly, the lipid profile we determined for melanin ghosts is not in accord with prior
reports of C. neoformans lipid composition. Although these reports include a few particular
variations, the discrepancies with respect to our findings are more widespread. First, constituents
such as phospholipids and free sterols (54, 55) are notably absent in our melanin ghost spectra.
Secondly, the species of SEs we identified (ergosta-7-enol and ergosta-7,22-dienol) had typically
been reported as only minor sterol constituents (56, 57) or were absent altogether (58, 59). Third,
as noted above there have been no reports of PPs as major lipids produced by C. neoformans.
Because these prior analyses were carried out exclusively on non-melanized cells, we considered
that C. neoformans cells might have a distinct lipid profile when grown under melanizing
conditions (i.e., in the presence of an obligatory exogenous melanization substrate such as LDOPA and in minimal media, which encourages melanization), which might well result in a
distinctive lipid composition for melanin ghosts. Nevertheless, ssNMR examination of whole
acapsular C. neoformans cells and melanin ghosts under identical conditions invalidates this
hypothesis: our spectroscopic analyses (Figures 3A-I) clearly indicated that melanized and nonmelanized cells contain the same classes and relative amounts of lipids.
Because the unexpected anomalies in lipid compositional profile for melanin ghosts (Δ7
sterol esters, TGs and PPs) were replicated more generally in both melanized and non-melanized
C. neoformans cells, it was important to ask why our results varied so significantly from those of
other investigators. A degree of variation could be attributed to our choice of methodology: lipid
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analyses have traditionally been conducted on extracted material using mass spectrometry (MS),
whereas our NMR-based identifications and quantitative estimates are made directly on whole
cells. Though highly sensitive MS methods are undoubtedly better able to detect minor
constituents, they require validation of the completeness and nondestructive nature of the lipid
extraction protocol. Conversely, identifying lipids in whole fungal cells by tailoring the NMR
experiments to preferentially detect the signals of mobile constituents could risk undercounting of
a lipid subpopulation that is relatively rigid. Nonetheless, preliminary comparisons with lipid
extracts (Hau-Ming Jan, personal communication) do not support discrepancies based on
methodology.
A more compelling hypothesis, however, concerns legitimate but significant differences
between the prior and current conditions used for culturing the C. neoformans cells. To facilitate
isolation of melanin ghosts, our cells were grown under conditions that promote robust
melanization in the presence of an appropriate obligatory catecholamine substrate (60–62), namely
10-14 days of culture in a chemically defined minimal medium that contains a low concentration
of glucose and only a single nitrogen source. In contrast, all previously published analyses of C.
neoformans lipids were conducted on cells grown in media with considerably higher glucose
concentrations and harvested after significantly shorter incubation times of ~2 days (56–59),
leaving open the possibility that lipid composition depends on cellular growth conditions.
A closer examination of the relationships between culture conditions and lipid composition
supports the supposition that our incubation of C. neoformans cells in nutrient-limited media for
exceptionally long time periods can account for profiles that are rich in TGs, SEs, and PPs – and
conversely deficient in phospholipids, free sterols, and ergosterol. First, Itoh, et al. (54) analyzed
the lipid composition of C. neoformans at different phases of cell growth. These researchers found
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that during the early logarithmic phase (~5 hr), phospholipid levels are high and neutral lipid levels
are low; over time, however, the phospholipid content decreases whereas the content of neutral
lipids increases. For instance, neutral lipids comprised ~80% of total lipid content for cells
harvested at the stationary phase of growth (~71 hr), and the vast majority (>90%) were TGs. A
similar trend was observed in relative sterol content: the ratio of sterol esters to free sterols
increased from 1:6.9 to 1.3:1 as the cells progressed from early logarithmic to stationary phases of
growth. Secondly, work on C. neoformans sterol composition by Kim, et al. (63) is the sole report
of Δ7 sterol ergosta-7-enol as the major species of sterol in C. neoformans; notably, it is also the
only study carried out on cells harvested after an unusually long 5-day growth period. Thirdly,
although we located no evidence for PPs outside of the ER in C. neoformans cells, two reports
identified PPs in various subcellular locations in the Aspergillus species A. fumigatus and A. niger
(64, 65). Both studies were conducted on cells grown for over 9 days, the time requirement
determined by Barr et al. (1972) to achieve maximum concentration. Thus, in the context of the
available literature, our findings support cell age and nutrient deprivation as modulators of lipid
production and composition in C. neoformans.
Notably, cell aging and nutrient deprivation have each been linked to the pathogenesis in
C. neoformans. First, cells that have undergone many replicative cycles and are thus older
generationally have been shown to accumulate during chronic cryptococcal infections and
manifest distinct phenotypic traits associated with virulence (66, 67). For example, these cells
display a large body size and thicker cell wall, both of which have been correlated with increased
drug resistance and decreased susceptibility to killing by macrophages. Secondly, nutrient
deprivation induces several virulence-associated determinants, for example, by increasing the gene
expression and activity of the laccase enzyme Lac1 (68, 69). Since this laccase catalyzes the rate-

254

limiting step in melanin biosynthesis, one way in which it contributes to virulence is by initiating
pigment formation (assuming the availability of melanization substrate) (70, 71). Additionally,
Lac1 plays a key role in other biosynthetic pathways that yield virulence-associated products (72),
e.g., prostaglandin (PG) signaling lipids (73) produced from polyunsaturated fatty acids (PUFAs)
(74). Specifically, Lac1 is essential for the formation of the “authentic” PGs prostaglandin-E2
(PGE2) and 15-keto-prostaglandin-E2 (15-keto-PGE2) (75, 76), which are largely produced by
vertebrates to regulate immunomodulatory and inflammatory processes (77, 78). Indeed, the
synthesis of these PGs by C. neoformans during in vivo infection has been found to be required
for cell growth and proliferation within macrophages (79). Considering that laccase expression is
induced by nutrient deprivation even in the absence of melanization substrate, and that the vast
majority of lipids in both the melanized and non-melanized cells were identified as PUFAs in the
form of TGs, it is possible that nutrient deprivation specifically increases the production of these
lipids, which are then stored in LDs as readily available precursors for PG biosynthesis. In sum, it
is likely that the lipid species we detected in cells grown for a prolonged period of time in nutrientlimited media are the predominant lipid species produced during in vivo infection and could
contribute to virulence independently of melanin formation.
Interestingly, the impact of cell age and cellular stress on PP production has been
documented in a diverse range of organisms, although not commonly in fungi. A key example is
the accumulation of the PP dolichol in various human tissues: the quantity of this lipid increases
by several orders of magnitude throughout the human lifespan in tissues such as the liver, thyroid,
and testis (80), and in fact it has been proposed as a biomarker of cellular aging (81). The
contention that accumulation of cellular PP is a general mitigating response to cellular stress (82)
is supported by evidence in both mammals and plants. For example, dolichols act as radical
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scavengers of peroxidized lipids and could thereby reduce the oxidative damage associated with
the progression of age-related mammalian diseases (83). PPs such as polyprenol and solanesol
accumulate within plant leaves in response to both light and viral infections (84, 85). Despite the
relative paucity of reports linking PP levels to stress in fungi, it is worth noting that the isopentenyl
diphosphate isomerase enzyme of the isoprenoid pathway is the product of an essential gene in
fungal species such as S. cerevisiae (86), Schizosaccharomyces pombe (87), and C. neoformans
(88); conditional mutation of this gene results in cells with reduced stress tolerance (89). Given
this body of evidence, it is plausible that in our C. neoformans cellular system, the stress induced
by a nutrient-limited environment for a prolonged period of time (i.e., MM for 10 days) elevates
the production of PPs.
Although we found no variations in lipid species between melanized and non-melanized
C. neoformans cells, there is an interesting parallel between the lipids we identified and those
found associated with mammalian neuromelanin: dolichol and its derivatives are well-established
components of neuromelanin (90, 91). Moreover, TEM analysis has demonstrated that these
“melanic-lipidic” granules are contained in organelles complexed together with LDs (92, 93).
Analogous to the accumulation of dolichol and its hypothesized role as a protective compound,
neuromelanin builds up in the brain tissue of all mammals with age and is thought to protect against
neuronal degeneration by sequestering reactive neurotoxic substrates (94). In contrast, no rationale
has been proposed for the presence of LDs in the neuromelanin literature. However, there is
evidence to suggest that in endolichenic fungal species, the trapping of lipophilic toxins by LDs is
a so-called self-resistance mechanism that quenches the production of reactive oxygen species and
thereby contributes to the ability of these fungi to live among algae, cyanobacteria, or other
photosynthesizing microorganisms in a mutualistic relationship (95). Since melanin formation is
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an oxidative process that involves the generation of multiple reactive intermediates (96–98), it is
plausible that in melanotic organisms, the LDs located at sites where melanin synthesis takes place
could have a similar function. The fact that lipids originating from LDs were also predominant in
the non-melanized C. neoformans cells could additionally suggest that they are produced in
anticipation of melanin synthesis: the cell culture conditions that promote melanin synthesis could
simultaneously promote the synthesis of LDs in preparation for acquiring a substrate suitable for
melanization.
In summary, the work herein provides a comprehensive compositional analysis of the lipids
that associate with the melanin pigments produced by the fungal pathogen C. neoformans, also
exploring their possible origins and roles in cellular function, such as coordinating cell-wall
assembly, participating in pigment transport, serving as immunomodulators, and quenching the
reactive intermediates formed during melanin synthesis. By implementing solid-state NMR
strategies that display resonances from mobile molecular species preferentially, we bypassed the
need for traditional lipid extraction. We were able to examine solid samples of the melanized cell
wall directly under near-native conditions, uncovering triglycerides, sterol esters, and
polyisoprenoids as the major lipid components and estimating their relative proportions. In turn,
our findings suggested a role for lipid droplets in the melanization process and a dependence of
lipid composition on cell culture conditions. In addition, we compared the NMR spectra of intact
cells grown under melanizing and non-melanizing conditions, determining the lipid composition
of melanized C. neoformans cells for the first time. Our results indicate an intimate association
between lipids and melanin pigment that must be accounted for in proposed schema for fungal
melanization and cell wall melanin architecture.
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MATERIALS AND METHODS
C. neoformans strains and cell growth
The well-characterized serotype A strain H99 was used for melanin ghost isolation and the
acapsular mutant strain Cap59 (generated from an H99 background (99)) was used for whole cell
ssNMR analysis. Both isolates were maintained in 20% glycerol stock at -80 ̊C. Prior to each
experiment, cells were pre-cultured in Sabouraud dextrose broth and grown for 48 h at 30 ̊C with
moderate shaking (120 rpm).

Culture conditions
The cells harvested from the Sabouraud pre-culture were washed with Phosphate-Buffered Saline
(PBS), counted using a hemocytometer, and adjusted to a cell concentration of 1x106 mL-1 in
minimal media (MM) containing

13

C-enriched glucose as the sole carbon source (29.4 mM

KH2PO4, 10 mM MgSO4, 13 mM glycine, 3 μM thiamine, 15 mM [U-13C6]-glucose, pH 5.5). The
absence of an obligatory exogenous melanization precursor in this media recipe resulted in the
production of non-melanized yeast cells. To produce melanized cells, 1 mM L-DOPA was added
to the MM formulation listed above. All cultures were grown for 10 days at 30 °C with shaking at
moderate speed (120 rpm). The cells were collected by centrifugation, resuspended in PBS, and
stored at -20 °C until further use.

Isolation of melanin ‘ghosts’
C. neoformans H99 cells cultured in MM containing [U-13C6]-glucose and 1 mM L-DOPA for 10
d were subjected to the standard melanin ghost isolation protocol as described in our prior studies
(17). Briefly, the cells obtained from 100 mL of a melanized culture were subjected to enzymatic
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hydrolysis of cell-wall and protein constituents, followed by three consecutive Folch lipid
extractions, and then boiling in 6 M HCl for 1 hr. The resulting black solid particles were obtained
by centrifugation, dialyzed against distilled water for several days, and subsequently lyophilized
for 3 days.

Preparation of whole fungal cells
Cultures of melanized and non-melanized C. neoformans cells from the acapsular mutant strain
Cap59 were grown side by side in separate flasks containing [U-13C6]-glucose-enriched MM using
the same culture conditions described above. L-DOPA was added to achieve a concentration of 1
mM in one of the flasks to produce melanized cells. The cell pellet obtained from a 100 mL aliquot
of each culture was resuspended in 25 mL of deionized water, vortexed vigorously, and then
centrifuged at 17,000 rpm for 20 min at 4 °C. The supernatant was decanted, and this process was
repeated four more times to remove any residual metabolites or other small molecules. After the
fifth wash, the cell pellet was lyophilized for 3 days prior to analysis by ssNMR.

Solid-State NMR measurements
Solid-state NMR experiments reported in this work were carried out on a Varian (Agilent)
DirectDrive2 (DD2) instrument operating at a 1H frequency of 600 MHz and equipped with a 3.2mm T3 HXY MAS probe (Agilent Technologies, Santa Clara, CA). All data were acquired on
~12-18 mg of lyophilized melanin ghost or whole cell samples using a Magic Angle Spinning
(MAS) rate of 15.00 ± 0.02 kHz and a spectrometer-set temperature of 25 °C. The two-dimensional
(2D) double-quantum (DQ)

13

C-13C correlation spectra were measured using the refocused J-

INADEQUATE pulse sequence (100, 101), which relies on scalar (J) coupling for polarization
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transfer between directly bonded carbon nuclei. The experiments were carried out with 13C 90°
and 180° pulse lengths of 2.6 μs and 5.2 μs, respectively, a 1H 90° pulse length of 2.3 μs, and 2.4
ms τ spin echo delays. Direct polarization (DP) was used for initial 13C excitation and a 2-s recycle
delay was implemented to enhance the signals of mobile constituents. Small phase incremental
alternation pulse sequence (SPINAL) decoupling (102) was applied during acquisition at a radio
frequency (rf) field of 109 kHz. The 2D 1H-13C correlation spectra were measured with a solidstate HETCOR pulse sequence that used refocused INEPT for the selective transfer of polarization
between directly bonded proton-carbon pairs located within mobile molecules (20). The
experiments were carried out with 13C and 1H 90° pulse lengths of 2.5 μs and 2.3 μs, respectively,
and a 2-s recycle delay. Inter-pulse delays were optimized for maximum 1H-13C transfer efficiency
using time periods of 1/4J and 1/6J (with a 1H-13C coupling constant of J = 145 Hz), corresponding
to 1.72 ms and 1.15 ms, respectively. 1H decoupling using the WALTZ method (103) with an rf
field of 5.5 kHz was applied during signal acquisition. The one-dimensional (1D)

13

C DPMAS

experiments used to estimate the relative proportions of carbon-containing cellular constituents in
melanin ghost and whole cell samples were implemented with long recycle delays (50 s) to obtain
quantitatively reliable signal intensities. The 13C and 1H 90° pulse lengths were 2.6 μs and 2.3 μs,
respectively. SPINAL decoupling with an rf field of 109 kHz was applied during acquisition.

Solid-State NMR quantitative analysis
Spectral curve fitting was performed with the deconvolution software DMfit (104) by inputting
the

13

C frequency and linewidth of each peak identified in the J-INADEQUATE spectra and

measuring their individual integrated intensities. The relative quantities of lipid, polysaccharide,
and ‘Other’ cellular constituents were estimated by expressing the sum of the individual peak areas
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corresponding to each constituent type as a fraction of the total integrated area of the NMR
spectrum. The relative composition of triglycerides, sterol esters, and polyisoprenoids was
estimated by expressing the summed peak areas as a fraction of the total integrated signal intensity
attributed to lipids. The fitted curves of peaks located in crowded spectral regions were adjusted
manually to match their integrated areas with the average from a set of fully resolved peaks
corresponding to each constituent.
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CHAPTER 9
CONCLUSIONS
The majority of the work completed within this document was inspired by the landmark
studies by Banks, et al. (2005) and Baker, et al. (2007), in which it was determined that the C.
neoformans cell wall is essential for the virulence-promoting effects of melanin pigment
production (1, 2). The formation of melanin has long been established as one of the two primary
traits, the other being capsule elaboration, that contribute to the pathogenic ability of C.
neoformans. Considering that melanins — even those synthetically generated in a lab setting —
have a multitude of attractive properties such as the ability to absorb UV radiation, bind metals
(e.g., Iron and Zinc), and mediate redox reactions, it is somewhat counterintuitive to conceive that
in a biological system, these multifunctional pigments require a “scaffold” to exert their virulencepromoting effects. Nevertheless, that is exactly what was determined: genetically mutated C.
neoformans cells with compromised cell-wall integrity were found to display a “leaky melanin”
phenotype, in which melanin pigments were produced, but were unable to attach to the cell wall.
As a result, the pigments leaked out into the culture medium, essentially rendering them useless to
the fungal organism.
The cells that displayed this leaky melanin phenotype were determined to specifically be
deficient in the cell-wall polysaccharide chitosan, suggesting that this constituent could play a role
in attaching melanin pigments to the cell wall. Our group found this particularly interesting
because the melanin samples (melanin “ghosts”) isolated for ssNMR structural analysis of the
fungal pigment contain substantial quantities of non-pigment cellular constituents, including cellwall polysaccharides, despite undergoing a degradative purification process (3). Whereas
previously the presence of residual non-pigment cellular constituents seemed like a nuisance,
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identifying a potential role for them in the melanization process now made it seem like a pertinent
topic to explore further. Our first question was: if a deficiency of chitosan resulted in reduced cellwall pigment deposition and retention, would increasing chitosan levels also increase cell-wall
pigment deposition and retention? As an alternative to genetic modification, we supplemented C.
neoformans cell cultures with GlcNAc, the monomeric precursor to chitin, which increased its
production in addition to its subsequent deacetylation to chitosan (4). Using biochemical analysis,
TEM imaging, and ssNMR spectroscopy we determined that GlcNAc-supplemented cells did
indeed have increased chitosan levels, displayed a more uniform and condensed deposition of
melanin throughout the cell wall, and retained a greater relative amount of melanin pigments after
undergoing the melanin ghost isolation procedure. In sum, our hypothesis had proven to be
accurate, and it was established that cell-wall melanin pigment deposition and retention correlated
with increased or decreased chitosan content, respectively.
In this first set of studies, melanin ghosts were isolated from GlcNAc-supplemented and
control cells, and 13C ssNMR quantitative analysis was used to estimate the amount of pigment
relative to the residual amount of cellular constituents. The ghost samples from GlcNAcsupplemented cells were found to have a greater relative pigment content, which we attributed to
a GlcNAc-induced increase in cell-wall chitosan content. However, at the time there was no
definitive evidence to show that chitosan was actually present in melanin ghosts since chitosan
content had been measured using whole GlcNAc-supplemented cells and not ghost samples.
Although our group previously identified chitin in melanin ghosts through the distinctive

13

C

chemical shifts of its acetyl group (5), most of the cellular remnants, including chitosan, have
similar carbon chemical shifts that result in significant spectral overlap and thus preclude the
unambiguous identification of each moiety. It wasn’t until our follow up work, in which we set
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out to characterize the molecular architecture of “leaky melanin” strain Cryptococcal cell walls,
that we implemented the 2D

13

C-15N TEDOR experiment and unambiguously distinguished

chitosan from the numerous other non-pigment cellular moieties in melanin ghosts by selectively
observing only the carbons proximal to a nitrogen species (6). Moreover, identifying the

13

C

chemical shifts of chitosan’s ring carbons enabled us for the first time to identify this
polysaccharide in 2D 13C-13C DARR spectra, which in turn led to an important discovery: the cell
wall constituents retained by melanin ghosts from “leaky melanin” cells were found to be
substantially more mobile than the constituents from wild-type ghosts, implicating cell-wall
flexibility as a factor independent from chitosan deficiency that can potentially contribute to
aberrant cell-wall-pigment attachment.
It was in the course of this work that an auxiliary finding unrelated to polysaccharides
required our attention: the melanin ghosts isolated from “leaky melanin” C. neoformans cells were
not only found to have a reduced relative content of polysaccharides, but the relative lipid content
was also reduced (6). This was not the first time that we observed changes in the relative lipid
composition as a result of augmenting either the cell wall or pigment content: 1) Extended boiling
(up to 4 hours) of melanin ghosts in 6 M HCl was found to diminish the content of polysaccharides,
including chitin and chitosan, resulting in a relative increase in lipid content, which was majorly
unaffected by this treatment (7); 2) Melanin ghosts isolated from C. neoformans cell cultures
containing norepinephrine, a poor melanization precursor in comparison to L-DOPA, have a
relatively lower content of both pigment and lipids (8). The lipids in melanin ghosts have always
been the figurative elephant in the room: their presence has been known for several years, yet their
identities, roles, and origins were never explored until much more recently.
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The first step in understanding the role of lipids in melanin ghosts was to determine which
molecular species were present. By implementing 2D ssNMR experiments tailored to select
constituents that undergo a certain degree of molecular motion in the solid state (9), it was also
possible to edit out

13

C resonances from rigid polysaccharides so that unambiguous peak

assignments of the mobile lipid species could be made. Using this strategy, the primary
constituents were identified as triglycerides, sterol esters, and polyisoprenoids (10). Although
triglycerides have previously been identified (11), there are no prior reports of sterol ester or
polyisoprenoid lipids in melanin ghosts. Interestingly, all three of these lipid constituents are
typically found within lipid droplets (12, 13), implicating a role for this organelle in C. neoformans
melanization, which also has not previously been reported.
If only one statement were to be made to summarize significance of our findings, that
statement would be the following: it is not the formation of melanin pigments that serves as a
virulence factor in C. neoformans, but rather the deposition and retention of the pigments within
the cell wall, and thus it is the melanized cell wall that is important rather than the melanin itself.
Whereas at the beginning of this project the role of chitosan in cell-wall pigment retention and
deposition had only been implicated, we have now verified this finding. Having additionally
determined that disrupting chitosan biosynthesis not only decreases the production of this
polysaccharide, but also results in augmented cell-wall flexibility, underscores the need to consider
factors other than composition in pigment-cell-wall attachment. Moreover, the unanticipated
finding that the typical cargo of lipid droplets is present in melanin ghosts suggests that the current
model for C. neoformans melanization should be reconsidered and that further testing needs be
conducted to determine the role for these organelles. Finally, even after confirming the presence
of chitosan and identifying the particular species of the pigment-associated lipids, a substantial
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number of signals attributable to non-pigment cellular moieties remain unassigned in the

13

C

ssNMR spectra of melanin ghosts — and the chemical shifts of these signals are not consistent
with the moieties that are currently known to comprise the C. neoformans cell wall, suggesting
that there might be roles for other, previously unreported constituents in melanization as well. In
sum, although we’ve learned a lot, there’s still a lot to learn.
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